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Abstract 

Introduction 3D bone models are increasingly adopted for leg alignment analysis, 

but there is substantial variability in the methods and underlying principles used to derive 

axes and joint orientations from 3D bone models. Therefore, the purpose was to reach 

consensus on a structured framework for standardized 3D leg alignment analysis based 

on 3D bone models. 

Methodology A Delphi study was performed in four rounds. Rounds 1 and 2 involved 

a steering and rating group that developed 31 statements based on principles preserving 

the complexity of 3D anatomical structures, identified through a systematic review. These 

statements encompassed deriving joint centres and joint orientations, and defining 

coordinate systems using 3D bone models. In Rounds 3 and 4, an international panel of 

experts, evaluated these statements. Consensus was defined as ≥80% agreement. 

Results Of the 31 statements, 26 achieved consensus in Round 3. Five statements 

were refined and subsequently all achieved consensus in Round 4. Experts agreed on 

utilising all available relevant surface data to define joint centres, joint orientations, and 

individual femoral and tibial coordinate systems alongside a combined leg coordinate 

system, and adopting central 3D axes for femoral version and tibial torsion. 

Conclusion This international Delphi consensus study provides a structured 

framework for a standardized 3D leg alignment analysis based on 3D bone models. By 

utilizing all relevant surface data, this framework provides a more accurate representation 

of joint geometries compared to traditional landmark-based methods. Future research 

should focus on validating the methods adhering to these principles in diverse clinical 

settings. 

1 Introduction 

3D bone models are increasingly adopted for leg alignment analysis [1, 2, 6]. Unlike traditional 2D 

radiographs and CT slices, the use of 3D bone models enables a more accurate assessment of 

multiplanar deformities without oversimplifying the complexity of reality. This advancement has laid 

the foundation of several proposed clinical workflows [4, 5]. 

The transition from 2D to 3D, and the resulting increase of data, necessitates a fundamental shift in 

how alignment analysis is approached. However, a recent systematic review identified substantial 

variability in the methods and underlying principles used to derive axes and joint orientations from 3D 

bone models [8]. Such variability may result in considerable differences in alignment parameter values 

across studies, complicating the comparison of outcomes across studies. 

Despite these inconsistencies, several underlying principles for deriving axes and joint orientations 

from 3D bone models have been identified that better preserve the complexity of anatomical structures 

in 3D bone models [8]. These include using centroids of marked articular surface data to determine 

joint centers, geometrical shape-fitting to determine joint centers and joint orientations of articular 

surfaces that are more round, and plane-fitting to determine joint centers and joint orientations of 

articular surfaces that are more flat (Figure 1). Establishing consensus on these principles may be an 

important step towards developing a unified 3D framework for leg alignment analysis.  

Therefore, the purpose of this study was to reach consensus on a structured framework for 

standardized 3D leg alignment analysis based on 3D bone models, with the potential to standardize 

clinical workflows and enhance surgical planning. 
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Figure 1 Illustrative examples of possible methods that adhere to the underlying principle to use all available 

relevant surface data from 3D bone models and could be used to define joint centers and joint orientations. (a) 

centroid calculation for joint centers. (b) geometrical-shape fitting for joint orientations of articular surfaces that 

are more round. (c) plane-fitting for joint orientations of articular surfaces that are more flat. 

2 Methodology 

A Delphi method was employed with two preparatory rounds (Rounds 1 and 2) to develop 

statements within a steering and rating group, followed by two rounds (Rounds 3 and 4) aimed to 

validate these statements through consensus among a panel of international experts. 

2.1 Rounds 1 and 2: statement development 

A steering group drafted the initial set of statements (Round 1), based on principles which reflect 

the preserved complexity of anatomical structures in 3D bone models [8]. The statements were 

structured into five key categories: 1) joint centers; 2) joint orientations; 3) individual femoral and 

tibial/fibular coordinate systems; 4) combined femoral and tibial/fibular (leg) coordinate system; 5) 

femoral version and tibial torsion. Each statement was accompanied by an illustrative example of a 

potential method based on the supporting principles (Figure 1). These examples were provided to clarify 

the principle, not to prescribe a specific method. 

In Round 2, the statement were refined with input of an extended rating group of international 

experts recruited from the steering groups’ professional network.  
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2.2 Rounds 3 and 4: Delphi consensus process 

International experts were invited to join a peer review group if they were: 1) surgeons and engineers 

recognized in the field of 3D-planned osteotomies around the knee; 2) authors who had made significant 

contributions to the literature on 3D leg alignment analysis [8]; 3) referrals by the already-invited 

experts. Members of the steering group were excluded from participation in the surveys. 

The expert panel received an online survey and were asked to agree or disagree with each statement 

(Round 3). Defined a priori, statements were considered to have reached consensus if they received at 

least 80% agreement in a round. 

Statements that did not meet the predefined threshold were either revised or supplemented with 

additional context or clarification and re-evaluated in Round 4. Free-text comments were encouraged 

to capture additional feedback or suggested refinements. 

3 Results 

35 participants took part in the survey. The majority of participants were from Europe (28/35; 80%). 

19 participants (54%) had a clinical background, while 16 (46%) had an engineering background. 

Of the 31 statements presented in Round 3, 26 (84%) reached consensus, while the remaining five 

were refined based on feedback and all reached consensus in Round 4. 

The expert panel reached consensus that joint centers and joint orientations in 3D should be derived 

from all available articular surface data of the 3D bone models. The expert panel also agreed on 

definitions for both individual femoral and tibial/fibular coordinate systems, and a combined femoral 

and tibial/fibular (leg) coordinate system. Furthermore, the expert panel agreed that joint alignment and 

distal femoral and proximal tibial coronal joint orientation angles should be calculated in the coronal 

plane of the leg coordinate system, provided that the knee is extended. Finally, consensus was reached 

that 3D femoral version and tibial torsion should be determined from the central medial-lateral axes of 

both the proximal and distal joints. 

4 Discussion 

The most important finding of this study is that consensus was reached on a structured framework 

for standardized 3D leg alignment analysis using 3D bone models. By defining foundational principles, 

it addresses substantial methodological variability in existing literature, potentially enhancing clinical 

applicability and improving cross-study comparability. 

Despite advances in 3D technology, many methods for determining joint centers continue to rely on 

traditional 2D, landmark-based approaches. While reproducible [3, 8], such methods fail to fully capture 

the joint’s complex 3D geometry. In contrast, the consensus approach leverages the complexity of 3D 

bony anatomy more, potentially reducing subjectivity and increasing reproducibility in alignment 

assessment.  

Furthermore, this consensus elevates the 3D framework to a comparable level of agreement as the 

2D framework by providing agreed-upon principles that ensure standardization while allowing 

flexibility in method application. Similar to 2D analyses – where multiple methods exist to determine 

key parameters [7] – the 3D framework accommodates various methods to adhere to its principles, 

ensuring consistency despite methodological variability. These principles can be directly integrated into 

clinical workflows, enabling clinicians to optimize correction osteotomies based on patient-specific 

anatomy. 
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