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Abstract

Purpose: To reach consensus among international experts on a structured
framework for standardized 3D leg alignment analysis based on 3D bone
models, ensuring consistency and improving clinical applicability.
Methods: A Delphi study was performed in four rounds. Rounds 1 and 2
involved a steering and rating group that developed statements based on
principles preserving the 3D complexity of anatomical structures, identified
through a systematic review. These statements encompassed approaches
for deriving joint centres and joint orientations, and defining coordinate
systems using 3D bone models. In Rounds 3 and 4, a panel of 35 inter-
national experts, including clinicians (54%) and engineers (46%), with
participants from Europe (80%), Oceania (9%), Asia (6%), and the Amer-
icas (6%), evaluated these statements. Consensus was defined as 280%
agreement.

Results: Rounds 1 and 2 resulted in 31 statements to be included in the
survey. Of these, 26 achieved consensus in Round 3, with the five
remaining statements refined and reaching 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.

Conclusions: This international Delphi consensus study provides a struc-
tured framework for a standardized 3D leg alignment analysis based on 3D
bone models. This framework aims to enhance clinical applicability for
preoperative planning and execution of uni- and multiplanar correction os-
teotomies around the knee, reduce the methodological variability in 3D leg
alignment analysis literature, and improve cross-study comparability.

Abbreviations: 2D, Two-dimensional; 3D, Three-dimensional; 4D, Four-dimensional; CT, Computed Tomography; ISB, International Society of Biomechanics.
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INTRODUCTION

Three-dimensional (3D) bone models are increasingly
adopted for leg alignment analysis [1, 9, 20, 22]. Unlike
the traditional two-dimensional (2D) framework that is
subject to errors due to image distortion and
inadequate leg and knee positioning [18, 23, 25], the
use of 3D bone models enables a more accurate
assessment of multiplanar deformities without over-
simplifying the complexity of reality [16, 30]. This
advancement has laid the foundation of several pro-
posed clinical workflows [12, 17, 19, 29]

Although the approach to defining leg alignment
parameters and the coordinate systems in which
alignment parameters are expressed is critical, a
recent systematic review [31] identified substantial
variability in the methods and underlying principles
used to derive axes and joint orientations from 3D
bone models. Such variability may result in consider-
able differences in alignment parameter values across
studies, even when the same anatomical reference
planes and coordinate systems are used. Further-
more, these discrepancies are likely to be amplified if
the definitions of coordinate systems themselves differ
between studies. Consequently, comparing outcomes
across studies becomes challenging, and the ‘normal
values’ for alignment parameters reported using 3D
models may only be valid within the specific contexts
of those studies, limiting their broader applicability.
This highlights the need for a unified approach to
enhance reliability and consistency.

Despite these inconsistencies, several underlying
principles for deriving axes and joint orientations from
3D bone models have been identified that preserve the
complexity of anatomical structures in 3D bone models.
These include using centroids of marked articular sur-
face data to determine joint centres, geometrical
shape-fitting to determine joint centres and joint orien-
tations of articular surfaces that are more round, and
plane-fitting to determine joint orientations of articular
surfaces that are more flat [31]. Establishing consensus
on these principles might be a crucial step towards
developing a unified 3D framework for leg alignment
analysis.

Therefore, the purpose of this study was to deter-
mine whether consensus could be reached on a struc-
tured framework for standardized 3D leg alignment
analysis based on 3D bone models, ensuring consist-
ency and improving clinical applicability. The aim of this
study was to quantify the level of agreement on

principles for obtaining leg axes, joint orientations and
coordinate systems, with the potential to standardize
clinical workflows and enhance surgical planning.

MATERIALS AND METHODS

An e-Delphi method [3, 7, 11, 21, 24, 32] with four
rounds was conducted to systematically achieve con-
sensus among international experts while maintaining
anonymity, thereby preventing conformity bias. Con-
sensus was defined a priori as 280% agreement using
a binary agree/disagree scale with an open-text com-
ment field. This combined quantitative and qualitative
approach was chosen to ensure clear acceptance or
rejection of statements while allowing participants to
provide detailed feedback for iterative refinement of
both content and wording. The first two preparatory
rounds (Rounds 1 and 2) focused on developing and
refining statements, while the subsequent two rounds
(Rounds 3 and 4) aimed to validate these statements
through expert consensus (Figure 1).

Rounds 1 and 2: Statement development

In Round 1, a steering group was formed based on
existing collaborations between an orthopaedic sur-
geon and technical physician of OCON Centre for
Orthopaedic Surgery and Sports Medicine and two
engineers of the Department of Biomechanical En-
gineering at University of Twente. This group, com-
prising four co-authors: QV, GT, NV, RH, developed
an initial set of statements (Round 1) based on a
comprehensive systematic review of the literature of
93 studies (January 2006 — June 2024) on methods
for deriving axes and joint orientations from 3D bone
models for knee-related leg alignment analysis.
The review identified fundamental principles that pre-
serve the complexity of anatomical structures, which
were incorporated into the statements. The results of
the systematic review were recently published and
were available for all panel members of the present
study [31]. This set of statements covered five key
categories: 1) joint centres; 2) individual femoral and
tibial/fibular coordinate systems; 3) combined femoral
and tibial/fibular (leg) coordinate system; 4) joint ori-
entations; 5) femoral version and tibial torsion.

Each statement was illustrated with an example such
as centroid calculation of marked articular surface data
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FIGURE 1 Flowchart visualizing all four rounds of this Delphi consensus study. Steering and rating group described using authors’ initials.
AvH, Annemieke van Haver; GT, Gabriélle Tuijthof; HvdV, Hugo van der Veen; NV, Nico Verdonschot; PP, Peter Pijpker; PV, Peter Verdonk;

QV, Quinten Veerman; RB, Reinoud Brouwer; RH, Roy Hoogeslag.

to define joint centres, geometrical shape-fitting to
define joint centres and joint orientations of articular
surfaces that are more round, and plane-fitting to define
joint orientations of articular surfaces that are more
flattter [31] (see Supporting Information A). These ex-
amples clarified principles without prescribing a specific
method or debate specific technical implementations,
allowing freedom to utilize tools available to the analyst
and leaving room for future technical developments.

In Round 2, the statements were electronically
distributed to the rating group of five international
European expert orthopaedic surgeons and engineers,
recruited from the steering groups’ professional net-
work (co-authors: RB, PV, AvH, HvdV, PP). Partici-
pants evaluated each statement on whether it should
be included and were encouraged to provide free-text
comments to capture additional feedback and refine-
ments. The statements were iteratively refined with
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controlled anonymous feedback to the rating group.
This process continued until all rating group members
agreed on clarity, wording, and precision of the state-
ments. Although selected from the steering group's
network, the rating group included experts from differ-
ent institutions and disciplines, ensuring an indepen-
dent evaluation process.

Rounds 3 and 4: Delphi consensus
process

Expert panel selection

For Rounds 3 and 4, international experts were invited
to join a peer review group (3D leg alignment consen-
sus expert group). Inclusion criteria were: 1) Academic
contributions: authors who had made significant con-
tributions to the literature on 3D leg alignment analysis,
as identified in a recently published systematic review;
[31] 2) Field recognition: surgeons and engineers rec-
ognized in the field of 3D-planned osteotomies around
the knee (amongst those all steering group members of
the ESSKA consensus guidelines on the painful
degenerative varus knee [8, 26]); 3) Referrals: referrals
by the already-invited experts; and 4) Prior involve-
ment: members of the rating group. Steering group
members were excluded from the surveys to mitigate
moderator bias.

To enhance geographical adaptability and general-
izability of the consensus, experts from various con-
tinents were invited. To avoid redundancy, only the first
and senior authors from distinct research groups were
included.

If initial email invitations were unanswered, up to
three reminders were sent over four weeks to maximize
participation.

Of 68 eligible experts invited to participate in the
peer review group (Rounds 3 and 4), 36 (53%) agreed
to take part in the Delphi study, including five from the
rating group. The panel comprised 19 (54%) clinicians
and 16 (46%) engineers. Response rates varied across
regions (Asia, 18%; Europe, 58%; Americas, 67%;
Oceania, 75%). Most participants were from Europe
(28/35; 80%), followed by Oceania (3/35; 9%), Asia
(2/35; 6%), and the United States of America (2/35;
6%). The participants responded to the two rounds of
surveys between June and July 2024. Response rates
remained high throughout, with 97% (35/36) complet-
ing Round 4.

Consensus evaluation

The finalized statements were distributed to the expert
panel via an online survey platform (SurveyMonkey
Inc., San Mateo, California, USA) [24]. In Round 3,
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participants evaluated each statement using the 80%
agreement threshold [15, 32], and free-text comments
were encouraged. Statements that did not meet this 80%
consensus threshold were presented again in Round 4,
along with all unedited comments from Round 3. Each
remaining statement was either modified (with a reply) or
left unchanged (with a rebuttal) before re-evaluation in
Round 4. To maintain full transparency, all experts had
access to the original Round 3 comments along with
structured justifications for any modifications or rebuttals,
ensuring that refinements were based on collective ex-
pert input rather than isolated feedback (Supplementary
Information A2). Experts were acknowledged as
co-authors only if they completed both rounds of the
CONSENSUS process.

Data collection and statistical analysis

Demographic data, including country of practice, years
of experience, and field of expertise were collected
from all participants and presented as absolute num-
bers and percentages. The degree of consensus was
expressed as the percentage of participants agreeing
with the statement. Experts who completed Round 3
but not Round 4 were included only in the Round 3
consensus results.

RESULTS
Rounds 1 and 2

The steering group developed 34 statements in Round
1, assessed twice by the rating group in Round 2. After
the first assessment, six statements were removed.
The wording of all statements was revised, and three
new statements were added. After a second assess-
ment, one statement was further modified (Figure 1).
Subsequently, the rating group agreed on the clarity,
wording, and precision of the final 31 statements.

Rounds 3 and 4

Of the 31 statements presented in Round 3, 26 (84%)
reached consensus, while the remaining five were
refined based on iterative feedback and reached con-
sensus in Round 4 (Figure 1; Table 1).

Joint centres

Accurate determination of hip, knee and ankle joint
centres to define mechanical axes is considered a
critical aspect in deformity correction. The expert panel
reached consensus that joint centres in 3D should be
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TABLE 1 Level of agreement per presented statement. Statements not reaching at least 80% in Round 3 were modified or had their context
updated and were presented again in Round 4. An overview of each statement with the presented illustrative example and given and/or updated
context is presented in Supporting Information A.

%-agreement Round %-agreement Round
Statement 3 (n=236) 4 (n=35)
Joint centers
The proximal femoral joint centre is derived from all available surface data of the 91.7% -
articular surface of the femoral head.
The distal femoral joint centre is derived from all available surface data of the 72.2%° 91.4%
articular surface of the medial and lateral distal femoral condyles.
The articular surface of the distal femur is divided into three segments: 83.3% -
a. the medial femoral condyle;
b. the lateral femoral condyle;
c. and the trochlea.
The femoral condyles and trochlea are divided at the level of the sulcus terminalis,
and the medial and lateral femoral condyles are divided at the deepest point of the
trochlea and/or the highest anterior point of the notch.
The proximal tibial joint centre is derived from all available surface data of the 86.1% -
articular surface of the medial and lateral tibial plateau.
The distal tibial/fibular joint centre is derived from all available surface data of the 83.3% -

combined distal tibial and fibular articular surfaces.
Individual femoral and tibial/fibular coordinate systems

Conform the ISB recommendations, the distal-proximal axis is the y-axis, and points 77.8%" =
cranially; the medial-lateral axis is the z-axis, and points laterally; and the posterior-
anterior axis is the x-axis, and points anteriorly.

Modified for Round 4 to: o 85.7%

The medial-lateral axis is the x-axis, and points to the right; the posterior-anterior
axis is the y-axis, and points anteriorly; and the distal-proximal axis is the z-axis, and
points cranially.

The femoral coordinate system's origin is coincident with the distal femoral joint 94.4% =
centre.

The femoral coordinate system's distal-proximal axis is parallel with the mechanical 91.7% =
femoral axis.

The femoral coordinate system's medial-lateral axis is parallel to the projection (in 80.6% =
the direction of the mechanical femoral axis) of the medial-lateral axis of the distal
femur on the femoral axial plane.

The femoral coordinate system's posterior-anterior axis is orthogonal to the other 97.2% =
two axes.
For the femoral coordinate system, the medial-lateral axis of the distal femur is 86.1% -

derived from all available surface data of the articular surface of the medial and
lateral distal femoral condyle.

The tibial/fibular coordinate system's origin is coincident with the proximal tibial joint 91.7% =
center.

The tibial/fibular coordinate system's distal-proximal axis is parallel to the 88.9% -
mechanical tibial axis.

The tibial/fibular coordinate system's medial-lateral axis is parallel to the projection 88.9% =
(in the direction of the mechanical tibial axis) of the medial-lateral axis of the proximal
tibia on the tibial axial plane.

The tibial/fibular coordinate system's posterior-anterior axis is orthogonal to the other 97.2% =
two axes.
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TABLE 1 (Continued)

Statement

For the tibial coordinate system, the medial-lateral axis is derived from all available
surface data of the articular surface of the medial and lateral tibial plateau.

Combined femoral and tibial/fibular (leg) coordinate system

To define the leg coordinate system, it is a prerequisite that the knee is extended,
meaning that the mechanical femoral and tibial axes are parallel to each other (in the
sagittal plane of the leg coordinate system).

Modified for Round 4 to:

To define distal femoral and proximal tibial joint orientation angles (i.e., the projection
of the distal femoral and proximal tibial joint orientation and the relevant longitudinal
axes on the coronal plane of the leg coordinate system), it is a prerequisite that the
knee is extended; meaning that the mechanical femoral and tibial axes are parallel to
each other (in the sagittal plane of the leg coordinate system).

The origin is coincident with the distal femoral joint centre.
The distal-proximal axis is parallel to the mechanical leg axis.

The medial-lateral axis is parallel to the projection of the medial-lateral axis of the
distal femur on the leg axial plane, in the direction of the mechanical leg axis.

The posterior-anterior axis is orthogonal to the other two axes.
Joint orientations

The distal femoral condylar joint orientation is based on the most distal point(s)
(relative to a reference coordinate system; part 3 of the survey) of the articular
surfaces of the medial and lateral femoral condyle.

The femoral supracondylar-trochlear orientation is based on the most proximal
borders (relative to a reference coordinate system; part 3 of the survey) of all
available surface data of the articular surfaces of the trochlea and medial and lateral
femoral condyles.

The medial tibial plateau's joint orientation is derived from all available surface data
of the medial tibial plateau's articular surface.

The lateral tibial plateau's joint orientation is derived from all available surface data of
the lateral tibial plateau's articular surface.

The tibial plateau's joint orientation is derived from all available surface data of the
medial and lateral tibial plateau's articular surface.

Femoral version and tibial torsion

For femoral version, the medial-lateral joint orientation of the proximal femur is based
on a line connecting the proximal femoral joint centre to the centre of the
femoral neck.

For femoral version, the medial-lateral joint orientation of the distal femur is based on
the central distal femoral axis which is derived from all available surface data of the
articular surface of the medial and lateral distal femoral condyles.

For tibial torsion, the medial-lateral joint orientation of the proximal tibia is based on
the central proximal tibial axis which is derived from all available surface data of the
articular surface of the medial and lateral tibial plateau.

For tibial torsion, the medial-lateral joint orientation of the distal tibia/fibula is based
on the intermalleolar axis which is derived from all available surface data the articular
surfaces of the medial and lateral malleolus.

The articular surface of the distal tibial/fibular is divided into three segments:
a. the medial malleolus;

b. the lateral malleolus;

%-agreement Round
3 (n=36)

91.7%

77.8%"

86.1%
91.2%
83.3%

97.2%

86.1%

83.3%

94.4%

97.2%

88.9%

97.2%

75.0%°

77.8%°

80.6%

91.7%
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%-agreement Round
4 (n=35)

88.6%

91.4%

88.6%

(Continues)
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TABLE 1 (Continued)

Statement

c. and the tibial plafond.

STANDARDIZED 3D LEG ALIGNMENT ANALYSIS

%-agreement Round
3 (n=36)

%-agreement Round
4 (n=35)

The tibial plafond and the medial malleolus are divided at the level of the medial

gutter.

®The context of these statements were updated between Rounds 3 and 4. The steering group rebutted each provided comment of the participants and provided
additional argumentation, clarification or examples before asking the initial statement again.
These statements were modified between Rounds 3 and 4 based on the provided comments of the participants.

derived from all available articular surface data of the
3D bone models (Figure 2). Given the continuous
nature of the tibiofemoral and patellofemoral joint sur-
faces, the expert panel agreed to divide the distal
femoral joint surface at the level of the trochlea and the
medial and lateral femoral condyles (Figure 2b).

Individual femoral and tibial/fibular
coordinate systems

For purpose of reference and clinical utility, axes and
joint orientations are projected onto coronal, sagittal or
axial anatomical reference planes. Therefore, defining
a coordinate system becomes essential. The expert
panel reached consensus on definitions for both fem-
oral and tibial/fibular coordinate systems (Figure 3).
The expert panel further agreed that the medial-lateral
axes for both coordinate systems should be derived
from all available articular surface data of the medial
and lateral distal femoral condyles and tibial plateaus,
respectively (Figure 3b,qg).

Combined femoral and tibial/fibular (leg)
Coordinate System

Given that joint alignment (i.e., the collinearity of the
joint centres of the hip, knee and ankle) is expressed in
the coronal plane of the leg, the expert panel reached
consensus on a definition for a leg coordinate system in
addition to the femoral and tibial coordinate systems
(Figure 4).

Joint orientations

The expert panel agreed that joint orientations in 3D
should also be derived from all available articular sur-
face data of the 3D bone models (Figure 5). The distal
femoral condylar (Figure 5a) and supracondylar
(Figure 5b) joint orientations depended on the most
distal and proximal points relative to a prerequisite
coordinate system, respectively, of all available articu-
lar surface data.

Femoral version and tibial torsion

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 (Figure 6). Additionally, the panel agreed that
these central medial-lateral axes should be derived
from all available relevant surface data. For the distal
femur and proximal tibia, this corresponds to the
medial-lateral axes that define the coronal plane within
their respective coordinate systems (Figure 6b,c). For
the distal tibia/fibula, the panel agreed that the medial-
lateral axis should be derived using all available artic-
ular surface data of the medial and lateral malleoli
(Figure 6e). Given the continuous nature of the tibial
plafond and medial malleolus articular surfaces, the
expert panel agreed to divide these at the level of the
medial gutter (Figure 6d).

3D leg alignment analysis

With a framework for joint centres, femoral, tibial/fib-
ular and leg coordinate systems, joint orientations,
and proximal and distal medial-lateral femoral and
tibial/fibular axes, 3D leg alignment can be measured
and expressed as alignment parameters in each
anatomical reference plane of the relevant coordinate
system (Figure 7). To this end, 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 coordi-
nate system (Figure 7b), provided that the knee is
extended (Figure 7a).

DISCUSSION

The most important finding of this international Delphi
consensus study is the agreement on a structured
framework for standardized 3D leg alignment analy-
sis using 3D bone models based on foundational
principles. By defining these foundational principles,
it addresses substantial methodological variability in
existing literature, enhances clinical applicability for
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FIGURE 2 |lllustrative example of clinical application of leg alignment
analysis on 3D bone models based on the agreed upon principles in the
present study: defining joint centers. (a) Anterior view of a left proximal
femur. (a1) Identification of the articular surface of the femoral head
(orange). (a2) Best fit geometrical shape (green sphere) to the articular
surface. The proximal femoral joint centre: the calculated centroid of the
best fit sphere (blue). The centroid and the joint centre overlap. (b):
Anterior view of a left distal femur. Since the tibiofemoral and
patellofemoral joint surfaces are continuous, for 3D leg alignment
analysis the sulcus terminalis (i; green dashed) separates the condyles
from the trochlea, and the trochlear groove line (ii; yellow dashed)
separates the medial from the lateral condyle. (c): Posterior view of a left
distal femur. (c1) Identification of the articular surfaces of the medial and
lateral condyles (orange). Best fit geometrical shape (green cylinder) to
the distal femoral condyles articular surface, and calculation of the
cylinder's central axis (blue line) and its intersections with the femur (dark
green spheres). (c2) The distal femoral joint centre: midpoint (blue
sphere) of the intersections with the femur (green spheres). (d):
Anterolateral view of a left proximal tibia and fibula. (d1) Identification of
the articular surfaces of the medial and lateral tibial plateaus (orange),
and centroid calculation (green spheres) of each articular surface. The
proximal tibial/fibular joint centre: midpoint (blue sphere) of the calculated
centroids (green spheres). (e): Anterior view of a left distal tibia and fibula.
(e1) Identification of the articular surfaces of the tibial plafond and medial
and lateral malleolus (orange). (e2) The distal tibial/fibular joint centre: the
centroid (blue sphere) to the identified articular surfaces. The centroid
and the joint centre overlap. With the definition of joint centre, the
mechanical axes of the femur, tibia, and leg can be established.
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preoperative planning and execution of uni- and
multiplanar correction osteotomies around the knee
and total knee arthroplasty, and improves cross-
study comparability. This paves the way for more
robust and standardized clinical and research appli-
cations in the field.

Despite significant advances in 3D technology and
its growing adoption, many current ‘3D methods’ for
deriving joint centres continue to rely on traditional 2D
approaches, applied to 3D bone models [31]. These
3D methods often still use a specific anatomical
landmark-based approach, such as the anterior point
of the notch to identify the distal femoral joint centre.
While landmark-based techniques have demonstrated
high intra-class correlation coefficients [13, 31], they
are inherently limited in 3D context, since they cannot
fully capture the joint's complex three-dimensional
geometry and thereby introduce potential inaccura-
cies. In contrast, the consensus approach leverages
the full complexity of 3D bony anatomy, potentially
reducing subjectivity and increasing reproducibility in
alignment assessment.

While this study does not prescribe specific methods
for defining the relevant available surface data, it es-
tablishes foundational principles to guide the develop-
ment of a standardized and clinically applicable 3D leg
alignment analysis framework. This consensus elevates
the 3D framework to a comparable level of agreement
as the 2D framework by providing agreed-upon princi-
ples that ensure standardization while allowing flexibility
in the applied method. Similar to 2D analyses — where
multiple methods exist to determine key parameters
(e.g., the distal femoral joint centre on a coronal plane
radiograph: apex of the femoral notch, midpoint of
femoral condyles, or centre of tibial spines [27]) — the 3D
framework accommodates various methods to adhere to
its principles, ensuring consistency despite methodo-
logical variability. These principles can be directly inte-
grated into existing 3D-based clinical workflows, en-
abling clinicians to optimize correction osteotomies
based on patient-specific anatomy. Future research
should validate specific methods across diverse patient
populations to ensure reliability and consistency in clin-
ical practice.

For leg alignment analysis, a coordinate system is
essential, as alignment parameters are expressed in
anatomical planes of this system for purpose of refer-
ence. Axes of a coordinate system are often derived
using landmarks such as the ‘most medial’ or ‘most
lateral’ point on a 3D bone model [13, 31, 34], but these
terms can only exist relative to a predefined reference
coordinate system, creating circular reasoning. By
leveraging all available relevant surface data from a 3D
bone model, an axis can be obtained independently,
without requiring an a priori reference system. This
principle avoids reliance on single landmark points and
addresses inherent redundancies, potentially providing
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FIGURE 3 |lllustrative example of clinical application of leg alignment analysis on 3D bone models based on the agreed upon principles in
the present study: defining femoral and tibial/fibular coordinate systems. Top: Anterolateral view of a left femur. Femoral coordinate system
(a-e). (a) The direction of the distal-proximal axis (z-axis; green arrow) is defined to be coincident with the mechanical femoral axis, thereby also
defining the axial plane (green plane). (b) The central medial-lateral axis of the distal femur: the central axis (blue line) of a best fit geometrical
shape (green cylinder) to the articular surface of the distal femoral condyles (orange). (c) The direction of the medial-lateral axis (x-axis; blue
arrow) is defined coincident with the central medial-lateral axis of the distal femur (cyan line), projected on the axial plane along the direction of
the mechanical femoral axis (green dashed). The x-axis points to the right. (d) The resulting x- and z-axis defined from the origin (distal femoral
joint center). (e) The posterior-anterior axis (y-axis; red arrow) is orthogonal to both the x- and z-axis. Bottom: Anterolateral view of the tibial/
fibula. Tibial/fibular coordinate system (f-j). (f) The direction of the distal-proximal axis (z-axis; green arrow) is defined to be coincident with the
mechanical tibial axis, thereby also defining the axial plane (green plane). (g) The central medial-lateral axis of the proximal tibia: line (blue line)
connecting the centroids (green spheres) to the articular surfaces of the medial and lateral tibial plateau (orange). (h) The direction of the medial-
lateral axis (x-axis; blue arrow) is defined coincident with the central medial-lateral axis of the proximal tibia (cyan line), projected on the axial
plane along the direction of the mechanical tibial axis (green dashed). The x-axis points to the right. (i) The resulting x- and z-axis defined from
the origin (proximal tibial joint center). (j) The posterior-anterior axis (y-axis; red arrow) is orthogonal to both the x- and z-axis. ML, medial-
lateral.

a more robust foundation for deriving joint orientations
and axes for 3D leg alignment analysis.

Joint alignment analysis (i.e., the collinearity of the
joint centres of the hip, knee and ankle) is performed
in the coronal plane of the leg [28]. However, a recent
systematic review highlighted the absence of a well-
defined, complete leg coordinate system [31]. To
address this, the expert panel established a leg

coordinate system where the coronal plane is defined
by the mechanical leg axis (Mikulicz line) and the
medial-lateral joint orientation axis of the distal femur,
aligning closely with established clinical practices [28].

Although the leg coordinate system is designed
independently of knee flexion, by definition, joint
alignment analysis is standardized with the knee in
extension [28]. Therefore, the panel agreed that
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FIGURE 4 |lllustrative example of clinical application of leg alignment analysis on 3D bone models based on the agreed upon principles in
the present study: defining a combined femoral and tibial/fibular (leg) coordinate system. Anterolateral view of a left leg. Combined femoral
and tibial/fibular (leg) coordinate system (a-e). (a) The direction of the distal-proximal axis (z-axis; green arrow) is defined to be coincident
with the mechanical leg axis, thereby also defining the axial plane (green plane). (b) The central medial-lateral axis of the distal femur: the
central axis (blue line) of a best fit geometrical shape (green cylinder) to the articular surface of the distal femoral condyles (orange). (c) The
direction of the medial-lateral axis (x-axis; blue arrow) is defined coincident with the central medial-lateral axis of the distal femur (cyan
cylinder), projected on the axial plane along the direction of the mechanical leg axis (green dashed). The x-axis points to the right. (d) The
resulting x- and z-axis defined from the origin (distal femoral joint center). (e) The posterior-anterior axis (y-axis; red arrow) follows from being
orthogonal to both the x- and z-axis. ML, medial-lateral.

(c1) (c2) (c3) (c4)

FIGURE 5 lllustrative example of clinical application of leg alignment analysis on 3D bone models based on the agreed upon principles
in the present study: defining joint orientations. (a) Posteromedial view of a left distal femur. The distal femoral condylar joint orientation: a
tangent line (blue) connecting the most distal points (green; relative to a reference coordinate system*) of all available surface data of the
medial and lateral femoral condyle articular surfaces. (b) Lateral (b1) and posterior (b2) view of a left distal femur. (b1) Identification of the
most proximal points (green spheres; relative to a reference coordinate system*) of all available articular surface data of the trochlea and
medial and lateral femoral condyles (orange). (b2) The supracondylar femoral joint orientation: a plane (blue) connecting the identified most
proximal points. (c) Anterolateral view of a left proximal tibia/fibula. (c1) Identification of the articular surfaces of the medial and lateral tibial
plateaus (orange). (c2) Medial tibial plateau joint orientation: a plane (blue) fit through the articular surface of the medial tibial plateau
(orange). (c3) Lateral tibial plateau joint orientation: a plane (blue) fit through the articular surface of the lateral tibial plateau (orange). (c4)
Tibial plateau joint orientation: a plane (blue) fit through the articular surfaces of both the medial and lateral tibial plateau (orange). *, can
only be established after the relevant coordinate system is defined.
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FIGURE 6 lllustrative example of clinical application of leg alignment analysis on 3D bone models based on the agreed upon
principles in the present study: defining the proximal and distal medial-lateral axis for measurement of femoral version and tibial torsion.
(a) Anterior view of a left proximal femur. (a1) The proximal femoral joint centre: the centroid (blue) of the best fit geometrical shape
(green sphere) to the articular surface of the femoral head. The centroid and the joint centre overlap. (a2) The femoral neck centre: the
centroid (green) of all available surface data of the femoral neck (purple). (a3) The central medial-lateral axis of the proximal femur (the
neck-femur axis): line (blue line) connecting the proximal femoral joint centre and the femoral neck centre (green spheres). (b)
Anterolateral view of a distal femur. (b1) Identification of the articular surfaces of the medial and lateral condyles (orange). (b2) Best fit
geometrical shape (green cylinder) to the distal femoral condyles articular surface, and calculation of the cylinder's central axis (blue
line). (b3) The central medio-lateral axis of the distal femur is defined to be coincident with this central axis. (c): Anterolateral view of a
left proximal tibia and fibula. (c1) Identification of the articular surfaces of the medial and lateral tibial plateaus (orange), and centroid
calculation (green spheres) of each articular surface. (c2) The central medio-lateral axis of the proximal tibia: line (blue line) connecting
the centroids of each articular surface. (d): Anterior view of a left distal tibia/fibula. Since the tibial plafond and medial malleolus joint
surfaces (orange, d1) are continuous by nature, for 3D leg alignment analysis, these are separated at the level of the medial gutter
(i; yellow dashed, d2). (e): Anterior view of a left distal tibia/fibula. (e1) Identification of the articular surfaces of the medial and lateral
malleolus (orange). (e2) Calculated centroids of the identified articular surfaces (green spheres). (e3) The central medial-lateral axis of
the distal tibia/fibula (the intermalleolar axis): line connecting the centroids of the medial and lateral malleolus (blue line).
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FIGURE 7 (See caption on next page).
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coronal plane distal femoral and proximal tibial joint
orientation angles, which significantly influence
overall joint alignment, should also be calculated in
the coronal plane of the leg coordinate system and
with the knee in extension. This ensures that these
crucial alignment parameters are consistently re-
ferenced within the leg coordinate system, rather
than within individual femoral or tibial/fibular coor-
dinate systems.

In cases where deformities prevent full knee ex-
tension, coronal plane joint orientation angles may be
assessed within their respective femoral or tibial/fibular
coordinate system, but such measurements might yield
different values due to misalignment with the leg
coordinate system. Virtual manipulation of 3D bone
models into extension offers a significant advantage
over the 2D framework, despite the complexity of this
correction and potential for errors [5, 6]. Therefore, the
authors propose to perform coronal plane joint align-
ment and joint orientation analysis in the coordinate
system of the leg with the knee in extension, for which
this consensus provides a robust framework.

Femoral version and tibial torsion are essential
parameters for assessing rotational differences between
the distal and proximal medial-lateral joint orientation
along a longitudinal axis [27]. The expert panel agreed
that in 3D, version and torsion should be based on
central medial-lateral axes derived from all available
relevant surface data.

Traditionally, even in 2D workflows, femoral version
and tibial torsion are defined as the angle between the
femoral neck and the intermalleolar axis, respectively,
relative to the coronal plane [27, 34]. In this Delphi
study, consensus was achieved that the coronal plane
is dictated by the central medial-lateral joint orientation

STANDARDIZED 3D LEG ALIGNMENT ANALYSIS

axis, following the principle of utilizing all available
relevant surface data. Consequently, femoral version
and tibial torsion should be measured relative to this
central medial-lateral joint orientation, which adheres to
the agreed upon principles in the present study.

This represents a shift from traditional 2D work-
flows, where these angles often rely on the posterior
condylar axis as a medial-lateral reference for the distal
femur and proximal tibia. While practical on 2D CT-
slices, the posterior condylar axis is an indirect proxy
that does not consistently align with the coronal plane
defined by central axes. Importantly, a posterior con-
dylar axis remains a valuable reference in 2D CT slices
and surgical workflow for its simplicity, reproducibility
and applicability [27]. To facilitate comparison between
2D and 3D methods, posterior condylar axis-based
measurements can be retained as supplementary
alignment parameters. This consensus aims to estab-
lish fundamental definitions in 3D alignment analysis
while allowing flexibility to incorporate additional align-
ment parameters that enhance clinical insights.

This consensus study provides a structured
framework for analyzing 3D static anatomical align-
ment, particularly in the context of deformity analysis
in a native leg for malalignment correction or total
knee arthroplasty. However, for unilateral post-
traumatic or congenital deformities, it may be more
effective to additionally use the bony morphology of
the unaffected contralateral leg as a frame of refer-
ence, rather than relying solely on the femoral, tibial/
fibular, and leg coordinate systems. For example,
mirroring the unaffected side and overlaying it with the
affected side could enable precise identification of the
location and magnitude of deformities, providing a
basis for planning malalignment corrections in such

FIGURE 7 lllustrative example of clinical application of leg alignment analysis on 3D bone models based on the agreed upon principles in
the present study: measuring leg alignment parameters in the anatomical plane of the corresponding coordinate system. The Figure

demonstrates the integration of the agreed upon principles in the present study into a patient-specific workflow. (a) To measure distal femoral
and proximal tibial joint orientation angles and joint alignment in the coronal plane of the leg coordinate system, it is a prerequisite that the knee
is extended. In a fully extended knee (i.e., mFA (blue) and mTA (red) are parallel in the sagittal plane of the leg coordinate system), the mFA and
mTA are not necessarily in line with each other. Consequently, the mechanical leg axis (yellow) is not necessarily coincident with the mFA or
mTA. (b) Measurement of distal femoral and proximal tibial joint orientation angles in the coronal plane of the leg coordinate system. (b1) The leg
coronal plane results from the definition of the leg coordinate system. (b2) mLDFA: the lateral angle between the projected mFA (green) and DFJ
(blue) on the leg coronal plane. (b3) mMPTA: the medial angle between the projection of the mTA (green) on, and the intersection of the PTJ
(cyan plane) with the leg coronal plane. (b4) HKAA: the medial angle between the projection of the mTA (green, bottom) and mFA (green, top) on
the leg coronal plane. (c) Measurement of distal femoral and proximal tibial joint orientation angles in the sagittal plane of their respective
coordinate systems. (c1) mMPPTA: the posterior angle between the projection of the mTA (green) on, and intersection of the medial PTJ (cyan
plane) with the tibial sagittal plane. (c2) mLPPTA: the posterior angle between the projection of the mTA (green) on, and the intersection of the
lateral PTJ (cyan plane) with the tibial sagittal plane. (c3) mMPDFA: the posterior angle of the projection of the mFA (green) on, and intersection of
the SFJ (cyan plane) with the femoral sagittal plane. (d) Measurement of femoral version and tibial torsion. (d1) FVA: the acute angle between
the projections of the NFA (green) and distal femoral central medial-lateral joint axis (blue) on the femoral axial plane. (d2) TTA: the acute angle
between the projections of the intermalleolar axis (green) and proximal tibial central medial-lateral joint axis (blue) on the tibial axial plane. DFJ,
distal femoral joint orientation; FVA, femoral version angle; HKAA, hip-knee-ankle angle; mFA, mechanical femoral axis; mLDFA, mechanical
lateral distal femoral angle; mLPPTA, mechanical lateral posterior proximal tibial angle; mMPPTA, mechanical medial posterior proximal tibial
angle; mMMPTA, mechanical medial proximal tibial angle; ML, medio-lateral; mPDFA, mechanical posterior distal femoral angle; mTA,
mechanical tibial axis; NFA, neck-femur axis; PTJ, proximal tibial joint orientation; PTJ APM, proximal tibial joint orientation anterior-posterior
medial; PTJ APL, proximal tibial joint orientation anterior-posterior lateral; SFJ, supracondylar femoral joint orientation; TTA, tibial torsion angle.
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cases [2]. Nevertheless, reference coordinate sys-
tems, axes and joint orientations will still be required to
calculate alignment parameters such as joint orienta-
tion angles and joint alignment.

Furthermore, current targets for leg alignment
parameters rely on population-based reference val-
ues, which serve as proxies for achieving optimal
personalized joint loading. Future developments could
build on this work by integrating functional data into
malalignment correction planning and total knee ar-
throplasty [4, 35]. Such advancements would further
refine the principles for 3D leg alignment analysis
proposed in this study, enabling alignment corrections
and total knee arthroplasty procedures to be more
precisely tailored for optimizing joint mechanics during
daily activities. This approach would not only com-
plement the transition from 2D to 3D frameworks but
also lay the groundwork for a patient-specific 4D
framework, incorporating 3D anatomical data with
functional data to enhance clinical outcomes.

One methodological consideration in this study
was the use of a binary agree/disagree scale rather
than a Likert scale [7]. Given the high variability in
methodologies for 3D leg alignment analysis [31], a
binary scale was chosen to provide clear acceptance
or rejection of statements while minimizing ambiguity.
Unlike Likert scales, which allow for varying degrees
of agreement but can introduce central tendency
bias, the binary approach ensured a decisive con-
sensus threshold while allowing qualitative refine-
ment via free-text comments. Previous research [21]
has shown that simplified rating scales can yield
similar consensus levels as more detailed scales in
final decision-making phases, supporting the
robustness of our binary approach.

Despite achieving consensus, this study has sev-
eral limitations. First, only two surveys were con-
ducted, limiting the assessment of the statistical
stability. Second, although efforts were made to bal-
ance international representation, European experts
were overrepresented due to non-response bias and
existing professional networks. Although a systematic
review found no clear regional differences in 3D leg
alignment methods [31], broader global participation
remains an area for improvement. Additionally, while a
50% response rate aligns with typical e-Delphi studies
and was sufficient to achieve meaningful consensus
[7, 10, 14, 24], limited participation from certain
regions highlights the need for more global inclusion in
future research. Nonetheless, the expert panel main-
tained a balance between clinical and biomechanical
expertise across multiple continents, ensuring both
technical rigour and clinical relevance. Third, selection
and response biases are inherent to Delphi studies
due to the absence of universal criteria for panel
composition [11, 33]. In this study, the rating group
was selected from the steering group's professional
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network, and rating group members participated in the
expert panel peer review group. While this approach
may introduce selection bias, it reflects common Del-
phi methodology where expert networks are leveraged
for recruitment. To enhance transparency, the selec-
tion and composition of each group were explicitly
described. Additionally, the inclusion of participants
with diverse backgrounds and international represen-
tation helped mitigate potential bias and ensured a
balanced consensus. Fourth, while radiological soft-
ware exists to facilitate the clinical implementation of
the study's results, availability may vary. Finally, future
research should focus on validating which available
methods best align with the agreed-upon principles in
terms of reliability, feasibility, and clinical relevance.

CONCLUSION

This international Delphi consensus study provides a
structured framework for a standardized 3D leg align-
ment analysis, based on 3D bone models. This
framework aims to enhance clinical applicability for
preoperative planning and execution of uni- and multi-
planar corrections osteotomies around the knee and
total knee arthroplasty, reduce the current methodo-
logical variability in 3D leg alignment analysis literature,
and improve cross-study comparability.
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