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*

Continued advances in medical imaging are increasingly resulting in promising de-
velopments, for example in producing high-resolution visualization of musculoskeletal
systems and thus having a high impact in clinical assessments [1-5]. This is accompanied
by a significant reduction in invasiveness, for example in ionizing radiation [6,7], as well
as a decrease in cost and improved device ergonomics [8,9]. As such, advanced imaging
techniques have become increasingly popular clinical diagnostic tools among orthopedists,
physiatrists, and physical therapists [4,5]. They are also becoming an integral part of
many biomechanical studies in orthopedics due to their potential positive developments
regarding functional assessments, as well as for many new and original highly innovative
applications [10-12]. The latter includes the planning and the execution of personalized
and minimally invasive surgeries supported by three-dimensional printing of implantable
medical devices [13-16]. Advanced imaging also indicates the necessity for representative
computational models of highly complex musculoskeletal systems for use in clinical appli-
cations or to understand biomechanical behaviors that are still controversial or not entirely
clear [17,18]. To this end, the purpose of this Special Issue was to gather studies in which
the biomechanics of the human body are highly supported by new, more advanced and
accurate medical imaging systems [19,20] and relevant data processing techniques [21-24].
Taking into consideration the entire kinetic chain of the human body, including the totality
of interconnected parts (i.e., joints, muscles, and ligaments) and how they work together
to execute a specific movement, advanced imaging has been involved in every area and
application with interesting and original implications. Starting from the trunk of the human
body, including the spine, numerical simulations using finite element analysis based on
cranio-cervical computed tomography data have enabled observations of how interverte-
bral disc wear has affected the biomechanical response of the cervical region, providing
useful information on possible force-related injuries to potentially be used to propose better
physiotherapy procedures [Contributions 1]. In a very multifactorial way, it is possible
to relate the shape of the intervertebral foramina to factors such as age, sex, and motor
neuron level to improve conservative and surgical treatment of spinal pathologies using
computed tomography [Contributions 2]. Staying in the context of the spine, guidelines
can be identified for the development of a more accurate spinal deformity assessment
method to improve the diagnosis of scoliosis [Contributions 3]. Cervical vertebral bone
mineral density and related age-dependent changes can be detected with alternative tools
based on cone-beam computed tomography to diagnose osteoporosis [Contributions 4].
Moving down to the hip, and specifically to related bone oncology, the combined use of
computed tomography and magnetic resonance imaging allows for consistent overall surgi-
cal procedures, through pre-surgical virtual planning and design of patient-specific surgical
instrumentation, for massive hip reconstruction with safer margins for tumor removal
[Contributions 5]. Regarding the knee, a joint that should be more appropriately studied
under loaded conditions, dynamic MRI represents an emerging technology that should be
given much more consideration for safe investigations of the functional interaction between
the hard and soft tissues of the joint [Contributions 6]. On the other hand, it has again been
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confirmed that knee MRI data can be used in finite element analysis to obtain interesting
information on the effect of varus/valgus loading configurations in bones after total knee
arthroplasty with a hinged implant design [Contributions 7]. By moving even further
distally, the overall biomechanics of the ankle—foot complex can be further studied and
more thoroughly understood with the help of cutting-edge medical imaging techniques.
Indeed, it has been shown that, in the context of dynamic modeling of the human ankle, the
mechanical behavior of the joint obtained with the ligament attachment sites of the ankle de-
tected by MRI at 3.0 T is closer to that obtained by direct observation than that obtained by
MRI at 1.5 T [Contributions 8]. On the other hand, the importance of cone-beam technology
for computed tomography under weight-bearing conditions in the foot and ankle has been
extensively reported in two reviews. In detail, a critical discussion of the evidence provided
so far in terms of advantages, limitations, and future areas of development is provided
[Contributions 9], as well as promising advances in new three-dimensional techniques for
automated measurements and bias reduction, particularly for syndesmotic measurements
[Contributions 10]. Remaining in the context of the foot, due to the ability of computational
models to accurately predict tissue behavior under concrete circumstances, more precise
knowledge of foot pressure behavior has been provided through engineering methods
that rely on medical imaging data, such as computed tomography, to create customized
prosthetic devices and orthoses [Contributions 11]. Similar conclusions can be extended to
the upper extremities, particularly the elbow and its biomechanics [Contributions 12].

Through this Special Issue, the guest editors hope to have drawn attention to the
relevance of new and more accurate advanced medical imaging techniques, both in or-
thopedics and related biomechanical evaluations. The authors’ contributions covered
different anatomical compartments and various data processing methodologies, highlight-
ing the multidisciplinary and translational nature of investigative procedures. This not
only confirms that medical imaging is broadly supportive of biomechanical research but
that the two are synergistic with each other in identifying better treatments for patients,
with psychosocial and economic benefits for the population as a whole.
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Abstract: Background. Mechanical models of the human ankle complex are used to study the
stabilizing role of ligaments. Identification of ligament function may be improved via image-based
personalized approach. The aim of this study is to compare the effect of the ligament origin and
insertion site definitions obtained with different magnetic resonance imaging (MRI) modalities on
the mechanical behaviour of a dynamic model of the ankle complex. Methods. MRI scans, both
via 1.5 T and 3.0 T, were performed on a lower-limb specimen, free from anatomical defects, to
obtain morphological information on ligament-to-bone attachment sites. This specimen was used
previously to develop the dynamic model. A third ligament attachment site mapping scheme was
based on anatomical dissection of the scanned specimen. Following morphological comparison
of the ligament attachment sites, their effect on the mechanical behaviour of the ankle complex,
expressed by three-dimensional load-displacement properties, was assessed through the model.
Results. Large differences were observed in the subtalar ligament attachment sites between those
obtained through the two MRI scanning modalities. The 3.0 T MRI mapping was more consistent
with dissection than the 1.5 T MRI. Load-displacement curves showed similar mechanical behaviours
between the three mappings in the frontal plane, but those obtained from the 3.0 T MRI mapping
were closer to those obtained from dissection. Conclusions. The state-of-the-art 3.0 T MRI image
analysis resulted in more realistic mapping of ligament fibre origin and insertion site definitions;
corresponding load-displacement predictions from a subject-specific model of the ankle complex
showed a mechanical behaviour more similar to that using direct ligament attachment observations.

Keywords: ankle complex modelling; MRI; ligament origin and insertion; tibio-talar joint;
subtalar joint

1. Introduction

Ligaments play a crucial role for the mobility and stability of the human ankle complex,
which includes the tibiotalar joint above, between tibia—fibula—talus, and the subtalar joint
below, between talus—calcaneus [1,2]. Ankle sprains represent one of the most common
musculoskeletal injuries (about 25%) [3,4] and can imply partial or complete tear of the
ligaments. Severe ankle sprains frequently result in chronic ankle instability [5,6]. About
10-25% of these patients also present subtalar joint instability [7,8]. When conservative tech-
niques prove to be ineffective, surgery is indicated to restore overall joint functions [5,6,9]
by ligament repair and reconstruction procedures.

The knowledge of ankle complex anatomy, and in particular of the geometrical ar-
rangement of the ligament fibres, is fundamental for a correct diagnosis and for successful
treatments. In this context, the existing computational models represent useful tools for
a better comprehension of the mechanical behaviour of this anatomical complex [10] and
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can offer a valuable clinical support [11], particularly when tailored to the specific case of
interest. From medical images of the patient’s ankle complex (via CT and MRI), information
about origin and insertion areas (hereinafter all together referred to also as attachments)
and dimension of the ligaments can be obtained. Different types of models have been
developed: those on passive kinematics [12-14] are meant to replicate joint motion in un-
loaded conditions; dynamic [11,14-17] and finite element [10,18,19] models may estimate
the mechanical behaviour of the joints under external loads, thus approximating realistic
conditions. All these models represent the ankle complex with its bones and ligaments,
but with a certain level of approximation when compared to the complexity of its real
anatomical structures. Unfortunately, with the exception of a few studies [12], the current
literature still lacks models that include accurate ligament mapping on a subject-specific
basis. A previous attempt from the present authors proposed a 3D dynamic model of the
human ankle joint complex with a careful ligament mapping validated against experiment
evidence [12] and it was recently extended to a larger cohort of specimens [17]. It consists
of the three rigid bone segments, i.e., the tibia—fibula, talus, and calcaneus, segmented
from CT images, and nine ligaments approximated from the observation of anatomical
atlases and MRISs, by visually selecting the corresponding points on the surface of the bones.
The model predictions compared well with related experimental observations [20], but
for a thorough customization of the model, more accurate ligament characterisation is
necessary [17]. Tibio—talar, tibio—calcaneal, and fibula—calcaneal ligaments geometry and
configuration have been studied extensively in the past [1,21,22]. However, the subtalar
ligaments were much less investigated, likely because of their difficult accessibility [23,24],
particularly for those in the sinus tarsi. The most suitable medical imaging technology
for the identification of soft tissues, i.e., the ligaments, is definitely MRI [25-27]. Some
authors have compared 1.5 T versus 3.0 T MRI for the visualisation of cartilage, tendons,
and ligaments of different anatomical joints, but the results were controversial. Among
these studies, some [28-31] did not find considerable improvements from 1.5 T to 3.0 T. On
the other hand, other investigations [32-34] demonstrated higher image quality and better
diagnostic performance of the 3.0 T MRI. From a technical point of view, the 3.0 T MRI
has higher signal strength, but introduces artefacts due to field inhomogeneities [35]. In
addition, the 3D Cube sequences offered by both MRI systems provide the opportunity to
observe less accessible anatomical structures, such as subtalar ligaments, from any direc-
tion. However, the resulting visualization depends on the overall image quality, which is
generally better from the 3.0 T MRI systems [36,37]. This feature has rarely been used in
the past for this purpose.

The aim of this study is to compare the effect of ligament attachment sites obtained
with different MRI modalities (i.e., 1.5 T and 3.0 T MRI) on the mechanical behaviour
of a previously validated dynamic model of the human ankle complex [12,17], for which
subject-specific mapping of the origin and insertion of the ligaments is essential. In addition,
direct observations of ligament attachment sites from careful anatomical dissection were
performed. Model predictions derived from the two MRI modalities were compared to
those obtained from dissection, here used as a reference. The comparison was based on
the load—displacement (i.e., joint torque—joint rotation) properties predicted by the model.
We hypothesized that the mechanical behaviour of the model obtained with the ligament
attachment sites detected through the 3.0 T MRI is closer to that obtained from direct
observation than that from the 1.5 T MRI.

2. Material and Methods
2.1. The Model

The original model consisted of the ankle complex bones (i.e., the tibia—fibula as a sin-
gle rigid body, the talus, and the calcaneus) and relevant ligaments [12] with their mechani-
cal properties [38,39]. The ligaments were modelled as pre-strained, non-linear, viscoelastic
springs, and the number of fibres was chosen depending on their thickness [12]. The model
included nine ligaments [17]: Anterior Talo-Fibular (ATFL), Posterior Talo-Fibular (PTFL),
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Calcaneo-Fibular (CFL), Anterior Tibio-Talar (ATTL), Posterior Tibio-Talar (PTTL), Tibio-
Calcaneal (TCL), Tibio Spring (TSL), Interosseus Talo-Calcaneal (ITCL), and Cervical Lig-
ament (CL). The morphology of the bones was obtained from CT (DE Rev HD 1700 GSI,
GE; 0.6 mm slicing space) after segmentation (Analyze Direct™, Overland Park, KS, USA),
smoothing, and 3D rendering (GeomagiCTM, 3D Systems, Morrisville, NC, USA). The
contact between the bones was modelled according to classical contact mechanics, with
maximum local penetration, speed of penetration, stiffness, and damping ratio properties
taken from the human articular cartilage [12].

2.2. Identification of 1.5 T MRI-Based Ligament Attachments

2D and 3D sequences were acquired with 1.5 T MRI (SIGNA EXCITE HDxt,
GE Healthcare, Chicago, IL, USA). In detail, 3D Cube acquisition was executed using
a Quad Knee coil with 0.5 mm slice thickness and 0.6 x 0.6 x 0.5 mm voxel size; 2D
Fat-Sat axial, coronal and sagittal were also acquired with 3.3 mm slice thickness and
0.3 x 0.3 x 3.3 mm voxel size.

The ligament attachment areas were segmented starting from the 3D sequence. How-
ever, due to the low overall image quality resulting from this scan, morphological recon-
struction was obtained by combining relevant information with that derived from the 2D
sequences. The obtained ligament attachment areas were then compared to those present
in the original model [12]. When differences in attachment sites were observed, they were
transferred to the dynamic model to replace the original ones.

2.3. Identification of 3.0 T MRI-Based Ligament Attachments

2D and 3D sequences were acquired with 3.0 T MRI (MR750W GEM ENAB, GE Health-
care, Chicago, IL, USA). In detail, 3D Cube acquisition was executed using a 16-ch gem flex
medium coil, with 0.4 mm slice thickness and 0.4 x 0.4 x 0.4 mm voxel size; 2D Fat-Sat ax-
ial, coronal, and sagittal were acquired with 3.0 mm slice thickness and 0.5 x 0.5 x 3.0 mm
voxel size.

The ligament attachment areas were segmented from the 3D Cube sequence which,
in this case, provided high quality images, although 2D sequences were always analysed
for completeness. Thanks to the overall better resolution of the 3D Cube of 3.0 T MRI scan
when compared to the corresponding from 1.5 T MRI scan, several reslicing were here
performed to best identify the regions of origin and insertion of the different ligaments.
The reslicing process maintained full resolution since no deterioration resulted from the
adopted process. The obtained ligament attachment areas were then compared to those
present in the original model [12]. When differences in attachment sites were observed,
they were transferred to the dynamic model to replace the original ones.

3. Dissection

The same specimen, a below-knee amputation from a fresh frozen cadaver, was
dissected to provide direct access and visualization of the morphology of the ligament
attachment sites, and these were used as a reference for the image-based assessments. All
soft tissues were removed, and the ligaments of interest were exposed. Each ligament was
photographed and marked with a surgical marking pen. The ligament attachment sites
of data were compared to those present in the original model [12]. When differences in
attachment sites were observed, they were transferred to the dynamic model to replace the
original ones.

Model Simulations with Updated Mapping

Three different models were derived from the original model [12] for this specific
specimen used in this study. Two models were based on MRI (1.5 T and 3.0 T) and one
on the dissection-based observations. The only difference between each of these models
and the original one was in the attachment sites of some of the ligaments, but they used
loading and boundary conditions identical to those described earlier [20]. Simulations
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were performed (MSC ADAMS™, Newport Beach, CA, USA) by imposing 100 N axial
compression and applying loading/unloading cycles in the frontal plane and axial plane.
Load-displacement properties were obtained in inversion-eversion and internal-external
rotation for the tibiotalar joint (TTJ), the subtalar joint (STJ), and the ankle joint complex
(AJC) for each of the three models.

4. Results

The ligaments attachment sites obtained from the 3.0 T MRI were better visualized
than those from 1.5 T MRI and their locations were more consistent with those obtained
from direct observations. All these three definition schemes provided similar data on the
origin and insertion sites for the ankle complex ligaments, except for those of the subtalar
joint, particularly for the ITCL. In the 1.5 T MRI, the ITCL consisted of two branches
with a common insertion on the calcaneus (Figure 1A), which split in two distinguished
origins on the lower surface of the talus (Figure 1B), one more lateral and the other more
medial. In the 3.0 T MRI, the common origin was on the talus (Figure 1D) and then the two
branches divided into a more anterior insertion area and a more posterior one on the lateral
part of the lower surface of the calcaneus (Figure 1C). Overall, ligament attachment sites
from the 3.0 T MRI were consistent with the direct observations from dissection (compare
Figures 1E,F and 2 left and right).

(8)

(D)

Figure 1. Cont.
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(F)

Dissection

Figure 1. Maps of the subtalar ligaments from 1.5 T MRI (A,B), 3.0 T MRI (C,D), and from dissection
(E,F): CL (yellow), ITCL (red). Origin areas on the bottom of the talus bone (B,D,F) and insertion
areas on the top of the calcaneus bone (A,C,E).

Figure 2. ITCL from 3.0 T MRI (left) and from direct observation (right).

In Figure 3, the load-displacement curves for the TTJ, ST], and AJC in internal-external
rotation and inversion—eversion were obtained from the three different schemes. For the
AJC, similar load-displacement patterns were observed in the frontal plane (Figure 3B).
In the transverse plane (Figure 3A), 1.5 T MRI model produced a different pattern when
compared to the other two, reaching about 40° of internal rotation as compared to only 25°.
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Figure 3. Superimposition of the load-displacement curves resulting from the three mappings of the
ligament attachment sites obtained via 1.5 T (red curves), 3.0 T (blue curves), and direct observation
from the dissection of the specimen (green curves). Curves associated to Internal-External Rotation
(A,C,E) and Inversion-Eversion (B,D,F) are reported for the AJC (A,B), TTJ (C,D), and STJ (E,F).

For TTJ (Figure 3C,D) the three schemes resulted in similar load-displacement patterns
in both the frontal and axial plane.

The differences in the load—displacement properties between the three different
schemes for the STJ (Figure 3E,F) are similar to those for the AJC, i.e., with 3.0 T MRI
generally replicating results from the dissection map.

5. Discussion

The attachment areas of ankle and subtalar ligaments were identified using 1.5 T and
3.0 T MRI systems via both 2D and 3D sequences, and also via direct observations used as a
reference. After relevant redistribution of the ligament fibres, a dynamic analysis of an ankle
complex model showed load-displacement curves based on the 3.0 T MRI observations
more consistent with those curves based on direct observations of the specimen.

A number of papers in radiologic anatomy have addressed MRI imaging for ankle
complex ligaments [40-43]. However, these have not dealt with careful definition of origin
and insertion areas of the ligaments, and this is particularly true for the subtalar ligaments.
Additionally, not a single paper has compared geometrical and morphological features of
these ligaments with corresponding direct observations. Also very limited is the analysis of
the effects of resulting ligament mapping on dynamic computer models of the ankle joint
complex. A recent paper from these authors has addressed medical imaging of the ankle
complex by different modalities [44], but with a focus on the articular cartilage.

10
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The comparison of the ligament attachment sites obtained using the two MRI modali-
ties with the direct observations demonstrated the superiority of the 3.0 T MRI over the
1.5 T MRI in imaging ligaments and identifying their regions of origin and insertion on
bones. The main reason for these differences was that the 3D Cube sequence in 3.0 T MRI
allows for a clearer visualization and revisualization of the ligaments and their attachment
areas without losing resolution. In addition, 3.0 T MRI provides twice the signal-to-
noise ratio compared to 1.5 T MRI, resulting in better image quality and higher spatial
resolution [35].

Visualization through imaging of the subtalar ligament morphology is very diffi-
cult [23,40]. This study demonstrated that this difficulty may be overcome by more ad-
vanced imaging modalities and may offer a solution for accurate diagnosis of subtalar
ligament injuries [8,24]. Furthermore, this study demonstrated that visualizing the subtalar
ligaments from different orientations without loss of resolution provides an important
imaging advantage over non-cubic sequences where high resolution is only available in
one direction.

The 3.0 T MRI-based dynamic model produced load—displacement behaviour similar
to that resulting from the model based on direct observations of the ligaments attachment
sites. The 1.5 T MRI-based model, on the other hand, produced different results. This
demonstrates the importance of using higher resolution 3D Cube sequence, as by 3.0 T MRI,
in developing accurate models of the ankle complex and its ligamentous support.

This study is not without limitations. The study relied on one single specimen so that
inter-subject variability was not considered. In addition, direct observation, even from
very careful anatomical dissections by experienced anatomists and surgeons, is difficult
and subject to controversies due to the complex structure of these ligaments and their
hard-to-access location. This also applies to identification by radiologists in image-based
observations. In addition, no inter-observer assessment was included. The present relevant
findings can be certainly strengthened in the future with other specimens, other MRI
devices, and other ligament mapping definitions.

6. Conclusions

The present study offers an enhancement for subject-specification of a previously
validated 3D dynamic model of the ankle complex [12,17] through MRI-based mappings
of the ligaments from a single representative specimen. The results obtained from the
two MRI systems and the anatomical dissection of the same specimen demonstrated how
essential the identification of ligaments origin and insertion sites is for subject-specific
modelling of the ankle complex. In particular, the better quality of the state-of-the-art
3.0 T MRI images, with respect to traditional 1.5 T MRI, resulted in definitions of these
attachment sites closer to the direct observations, and in more similar load-displacement
curves from the computer model.
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Featured Application: The present study intends to help and support clinicians and specialists
in the decision process concerning the length and type of stems to use in case varus-valgus defor-
mity is present in a patient.

Abstract: Hinged total knee arthroplasty (TKA) is a valid option to treat patients during revision of
an implant; however, in case of varus/valgus deformity, the force transmission from the femur to the
tibia could be altered and therefore the performance of the implant could be detrimental. To be able
to evaluate this, the goal of this study was to investigate, using a validated finite element analysis, the
effect of varus/valgus load configurations in the bones when a hinged TKA is used. In detail, short
and long stem lengths (50 mm, and 120 mm), were analyzed both under cemented or press-fit fixation
under the following varus and valgus deformity: 5°, 10°, 20°, and 30°. The main outputs of the study
were average bone stress in different regions of interest, together with tibio-femoral contact pressure
and force. Results demonstrated that changes in the varus or valgus deformity degrees induce a
change in the medio-lateral stress and force distribution, together with a change in the contact area.
The effect of stem length and cement do not alter the tibio-femoral contact biomechanics but its effect
is mainly localized in the distal femoral region, and it is negligible in the proximal regions.

Keywords: hinged TKA; varus deformity; valgus deformity; finite element; stem length; cemented;
press fit; biomechanics

1. Introduction

Achieving the correct alignment in total knee arthroplasty (TKA) is an important
factor to restore biomechanical functions of the knee (such as soft tissue balancing and
joint line) and prevent early implant failure, thus guaranteeing long-term survival of
the implant [1-3]. In detail, the alignment of the prosthesis components on the frontal
plane strongly influences the distribution of tibio-femoral contact forces between the two
tibial plateau compartments: biomechanical studies report that varus misalignment causes
overload on the medial side while valgus misalignment leads to increased tibio-femoral
force in the lateral side [4]. As a result of these deviations, the non-physiological loading
of the knee enhances degeneration of the joint and causes overloads on the bone-implant
interface and in the bone itself.

Alterations of the natural alignment, therefore, may lead to early aseptic loosening,
polyethylene wear, erroneous patellofemoral tracking, instability and infection [2,5]; all of
these factors are usually associated with TKA failure, which consequently leads to the need
of a revision total knee replacement.

Together with alignment, the choice of an adequate level of constraint is essential
to ensure successful clinical outcomes and long-term TKA survival [6]; this is even more
important when dealing with revision surgeries.
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The rotating hinge (RH) prosthesis represents a common solution among the different
models available for revision procedures, as thanks to this degree of freedom around the
tibial axis, this model is able to achieve reduced shear stress at the bone-cement interface,
compared to other devices [7-11]. It is important to mention that this kind of implant
can also be used as an alternative to primary TKA, in case of complex situations, such as
extreme joint deformities [7,12].

The main issues addressed with the use of a RH TKA are therefore large ligamentous
instability, severe bone loss, distal femoral or proximal tibial defects (resulting from injury
or tumor) and severe varus or valgus deformities [13-15].

The design of a rotating hinge prosthesis usually consists of a femoral component
and a tibial one (constrained among each other with a rotating hinge mechanism) and
of a polyethylene insert placed between these two elements, in order to prevent luxation
without reducing the range of motion [16].

The current designs are available in multiple sizes and present modularity, with sets
of different features/stem lengths to allow for the different possible fixation techniques;
this variety of possibilities represents thus a worthwhile opportunity, especially in revision
patients where deficiencies of the bone cannot be totally predicted [17].

Stem length, among the other parameters, covers a crucial role in the overall success
of the reconstruction. Usually, the choice of which length to use is largely determined by
the stem fixation technique selected: in modern revision TKA, the options are usually fully
cemented and press-fit fixation [18-21].

Despite its advantages, this kind of implant also implies the relative risks of mechanical
failure and infection [9,22-24], which can furthermore increase in case of eventual patient
joint deformities. The level of constraint provided by the rotating hinge, paired with the
use of different stems and/or fixation approached, may therefore lead to eventual over-
constraining issues affecting the tibio-femoral and/or the bone-implant interactions; a more
comprehensive guideline on the suggested use and optimal configuration of these implants
(when mainly aimed to address high deformities) is however still missing.

The present study intends to help and support clinicians and specialists, assisting
the decision process concerning the length and type of stems to use in case varus—valgus
deformity is present in a patient. A numerical biomechanical study was therefore performed
in order to evaluate the effects and performances of different configurations of RH TKA
prosthesis in patients with severe valgus and varus deformities, in terms of distribution
of forces and relative contact areas on the polyethylene insert when different lengths of
femoral stems are used, considering both fixation types (cemented and press-fit) and in
terms of average bone stress in different regions of interests.

2. Materials and Methods

The model was developed based on an already validated and published knee finite
element model [25-27].

Finite elements analysis approach was selected since it guarantees a great comparative
potential, allowing to change any single parameter of the model in order to precisely analyze
its influence on the outcomes while leaving the other boundary conditions unchanged [28-30].

The following features were implemented in the models.

2.1. Geometry & Configurations

The three-dimensional model of a femur, divided in cortical and cancellous bone,
was obtained from CT scans of a right-side Sawbone synthetic bone (Sawbones Eu-
rope AB, Limhamn, Sweden), following an approach widely used for numerical and
experimental tests [2,31-36].

A right side, medium size endo-model rotating hinge knee prosthesis (Waldemar
Link GMBH & Co., Hamburg, Germany) was considered for the study and the relative
geometries were obtained from a previous study [21].
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Different angles of valgus and varus deformities of the femur were considered (5°, 10°,
20°, and 30°, considering a 0° configuration as the physiological control) and the relative
models were implemented. For each configuration, two femoral stem lengths (50, 120 mm)
and two types of fixations (cemented or press-fit) were tested; tibial tray component and
polyethylene insert sizes were kept the same in each configuration, together with the
tibial stem of 50 mm length. For each of the configurations analyzed, the prosthesis was
virtually implanted into the femoral bone following the manufacturer’s surgical technique
(therefore considered to be the ideal positioning of the implant, according to the patient
configuration [21]). In the cemented configuration, the stem was positioned in the center
of the intramedullary canal and surrounded by a homogeneous cement mantle, obtained
by filling a previously reamed hole and subtracting the stem volume, simulating thus the
ideal cementing technique [32].

2.2. Material Properties

According to the literature [2,32,37-39], the materials used in this study were assumed
to be linear elastic; this was chosen to obtain a better approximation of all materials, in
order to achieve a qualitative comparison among different configurations [2]. In particular,
the material for the femoral component and the tibial tray was considered as cobalt-
chromium (CoCr), whereas the material of the tibial insert was ultra-high-molecular-
weight-polyethylene (UHMWPE). These materials were assumed to be homogeneous
and isotropic [2,32,40]. The material used for the bone cement (Polymethyl-methacrylate,
PMMA) in the relative configurations was considered homogeneous and isotropic [2,11].
The material properties in terms of Young’s modulus (E) and Poisson’s ratio (v) are available
in Table 1 [2,32,37].

Table 1. Material properties of the implant components: CoCr = cobalt-chromium alloy, UHMWE = ultra-
high-molecular-weight-polyethylene, PMMA = polymethyl-methacrylate.

Material Material Model Elastic Modulus (MPa) Poisson Ratio
CoCr Isotropic 240,000 0.30

UHMW Isotropic 685 0.40

PMMA Isotropic 3000 0.30

The cortical bone, according to previous studies, was considered transversely
isotropic [2,8,41,42]; the cancellous bone was instead considered linear isotropic [2,32,43].
The material properties used are reported in Table 2.

Table 2. Material properties of the femoral bone used for all models; the third axis was taken parallel
with the anatomical axis of the femur.

Elastic Modulus (MPa) Poisson Ratio
Material Material Model
Eq E» E3 V12 Va3 V31
Cortical Bone Transversely Isotropic 11,500 11,500 17,000 0.51 0.31 031
Cancellous Bone Isotropic 2130 0.30

2.3. Finite Element Analysis and Boundary Conditions

Abaqus/Standard version 6.19 (Dassault Systemes, Vélizy-Villacoublay, France) was
used to assemble all parts of the prosthesis with femur bone, in order to perform all the
finite element simulations.

Each model was meshed using tetrahedral elements with a size between 1 mm and
3 mm. A refinement of mesh was performed in the contact area of the internal components
of the implant, and in the tibio-femoral and bone-implant interface sections to make sure
that the selected mesh was the proper one to achieve the sought after results: to check the
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quality of the mesh and the proper size, a convergence test was thus performed [2,20] and
is available in the Supplementary Materials.

According to the previously published study [21], surface-to-surface contacts were
implemented for the definition of all contacts, i.e., among the components involved in the
hinge mechanism, between the insert and the femoral component of the prosthesis and
between the implant and the bone.

Each configuration analyzed was tested under the same total load conditions, i.e., the
proximal part of the femur constrained and a total vertical compressive force of 1000 N applied
to the inferior face of the tibial tray. The subdivision of this total force on the two sides of the
tibial tray was then used as a parameter in order to model the different levels of varus/valgus
deformities: a simplified model in the literature [11] allowed indeed to obtain the percentage
of force distribution in the medial and lateral regions of the tibial component for each angle of
deformity (based on the equilibrium of forces and moments in the frontal plane), and was
therefore taken as reference. The percentages of force distribution in the medial and lateral
compartments obtained from this mathematical model are reported in Table 3.

Table 3. Percentages of the total force applied in the different configurations analyzed in the study [11].

Configuration Medial Force Lateral Force
30° Varus 91% 9%
20° Varus 82% 18%
10° Varus 64% 36%
5° Varus 60% 40%
Well Aligned 55% 45%
5° Valgus 43% 57%
10° Valgus 38% 62%
20° Valgus 8% 92%
30° Valgus 1% 99%

These percentages were therefore used in the present study to determine the subdivision
of the total force on the medial and lateral sides, and the resulting forces were applied on the
respective side of the tibial tray plateau (see Figure 1), as input loads for the FE simulations.

Anterior

Posterior

A B

Figure 1. Load conditions applied to the model, (A) frontal view, reporting the direction of the forces
applied; (B) distal view, reporting the area used for the applied force. FL = lateral force (in blue),
FM = medial force (in green).
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Each varus/valgus aligned configuration was statically analyzed in full extension,
analyzing two femoral stem lengths (50, and 120 mm) and considering both types of
fixations examined (cemented or press-fit).

For all of the configurations tested, the output for the finite element analysis was
the medial and lateral tibio-femoral contact force and the relative contact area in the
polyethylene insert, together with the average von Mises stress [44—48] in different regions
of interest of the bone; in detail, in agreement with previous studies [20,21], the femoral
shaft was subdivided in eight regions of interest, each with a height of 30 mm (Figure 2).

Il ROIS
| ROI 7
| ROI6

\ ROI 5

Figure 2. Regions of interest defined for the present study. All of the regions have a height of 30 mm
measured along the femoral anatomical axis.

3. Results

Figure 3 concerns the cemented stem of 50 mm length, and reports the graphical
overview of the average von Mises stress and contact pressure and area on the polyethylene
insert for the different angles of deformity addressed.

From the figure, it is possible to note a change in the distribution of the stress and
of the contact pressure on the tibial insert, that translates from lateral to medial when
switching from valgus to varus configurations. Addressing the position of the contact point,
the results show that the lateral contact is mainly located in the posterior section of the
compartment while the medial contact point is mainly in the anterior one.

From a quantitative point of view, Tables 4 and 5 report, respectively, the values of
medial and lateral contact forces and the values of the medial and lateral contact areas for
the different configurations and for different stem lengths and cementing techniques.
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Configurations | Von Mises Stress | Contact Pressure 505-80
7.50
6.50
30° Valgus 5.50
4.50
3.50
2.50
i3
20° Valgus 050
0.00
M L
Well Aligned

Figure 3. Qualitative overview of the von Mises stress distribution (in MPa) on the polyethylene
insert and of the contact pressure (in MPa) and area on the polyethylene insert for the different
varus/valgus configurations analyzed in the study, for a stem length of 50 mm cemented. M = medial,
L = lateral.
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Table 4. Medial and lateral contact forces for the different configurations and for different stem
lengths and cementing techniques.

Press Fit 50 Cemented 50 Press Fit 120 Cemented 120
Configuration Medial Lateral Medial Lateral Medial Lateral Medial Lateral
Force(N) Force (N) Force(N) Force(N) Force (N) Force(N) Force (N) Force (N)
30° Valgus 43 906 41 911 43 905 40 911
20° Valgus 89 860 86 867 87 858 86 864
10° Valgus 307 651 307 659 310 655 308 657
5° Valgus 350 619 347 618 348 620 345 620
Well Alligned 442 532 447 532 443 528 445 532
5° Varus 484 497 486 495 484 488 484 495
10° Varus 517 469 516 462 55 456 517 464
20° Varus 657 314 660 315 660 316 663 316
30° Varus 726 243 726 244 728 243 731 246
Table 5. Medial and lateral contact areas for the different configurations and for the different stem
lengths and cementing techniques.
Press Fit 50 Cemented 50 Press Fit 120 Cemented 120
Configuration Medial Lateral Medial Lateral Medial Lateral Medial Lateral
Area Area Area Area Area Area Area Area
(mm?) (mm?) (mm?) (mm?) (mm?) (mm?) (mm?) (mm?)
30° Valgus 15 157 15 158 15 159 15 158
20° Valgus 28 156 28 156 28 155 28 156
10° Valgus 62 132 63 132 62 132 63 132
5° Valgus 71 130 71 130 71 130 70 130
Well Alligned 79 115 79 115 79 115 79 115
5° Varus 81 110 81 110 81 109 81 109
10° Varus 83 107 83 106 83 106 83 106
20° Varus 95 91 96 91 95 91 96 91
30° Varus 103 74 105 74 105 74 105 74

From these two tables, it is possible to note that the differences in terms of tibio-femoral
contact relative to a change of stem lengths or fixation approach are negligible if compared
to the changes induced by a different varus/valgus angle.

Figure 4 then reports, for the cemented 50 mm stem, different results relative to the
medial side expressed as a percentage of their total on both sides; in detail, the different
tibio-femoral contact forces and areas are represented in relation to the varus/valgus angles,
together with the values of the input forces applied on the distal surface of the tibial insert
(as a control for a comparative point of view).

It is possible to notice that each parameter presents a different trend, with the contact
area being less sensible to changes of the varus/valgus angle (with a range of 9-58%) while
the contact force is more sensible (with a range of 5-75%).

While the tibio-femoral contact forces and areas returned to be mostly insensible
to variations of the stem length and fixation approach, the femoral bone showed to be
influenced by these variations in terms of bone stress distributions in the different regions
of interest addressed. Figure 5 reports the variations in terms of the average von Mises
stress for ROI 1, 3, 5, and 7, according to the different configurations of stem length, fixation,
and varus—valgus angle.
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Medial as Percentage of Total value (%)
—e-Input Force =~ -e-Contact Force —e—-Contact Area
100.00
80.00
60.00
40.00
20.00

0.00
-30 -20 -10 0 10 20 30
Varus/Valgus angle (degrees)

Figure 4. Input force, contact force and contact area relative to different varus/valgus angles for the
cemented 50 mm stem.
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Figure 5. Average von Mises stresses in four regions of interest ((A): ROI 1, (B): ROI 3, (C): ROI 5,
(D): ROI17) for the different prosthesis features, according to the varus/valgus angles addressed.

The detailed values for the four different models are reported in Tables 6-9.
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Table 6. Average von Mises stresses (in MPa) in the different ROIs for the 50 mm press-fit stem.

Press-Fit 50—Average von Mises Stress (MPa)

Configuration

ROI'1 ROI2 ROI 3 ROI 4 ROI 5 ROI 6 RO17 ROI 8
30° Valgus 1.73 1.88 2.15 1.82 1.83 1.72 1.79 1.83
20° Valgus 1.62 1.80 2.14 1.81 1.86 1.73 1.81 1.84
10° Valgus 1.50 1.73 2.10 1.81 1.97 1.75 1.93 1.87
5° Valgus 1.52 1.77 2.12 1.85 2.01 1.78 1.96 1.87
Well Aligned 1.70 1.99 2.24 2.01 2.15 1.89 2.06 1.92
5° Varus 1.79 2.09 2.29 2.10 2.21 1.95 211 1.94
10° Varus 1.88 2.18 2.36 2.18 227 2.00 2.16 1.96
20° Varus 2.39 2.69 2.79 2.63 2.61 2.28 2.39 2.08
30° Varus 2.71 3.01 3.08 2.90 2.80 244 2.51 2.14
Table 7. Average von Mises stresses in the different ROIs for the 120 mm press-fit stem.
Press-Fit 120—Average von Mises Stress (MPa)
Configuration
ROI1 ROI2 ROI3 ROI4 ROI5 ROI 6 ROI17 ROI 8
30° Valgus 1.49 1.65 2.03 1.84 1.85 1.74 1.81 1.81
20° Valgus 1.39 1.57 1.97 1.82 1.86 1.72 1.81 1.81
10° Valgus 1.25 1.46 1.92 1.82 1.98 1.75 1.93 1.83
5° Valgus 1.26 1.50 1.94 1.86 2.02 1.78 1.96 1.85
Well Aligned 1.35 1.67 2.07 2.03 2.16 1.90 2.07 1.89
5° Varus 1.41 1.77 2.14 2.12 2.23 1.96 2.13 1.92
10° Varus 1.48 1.85 2.22 221 2.30 2.02 2.18 1.94
20° Varus 1.90 2.32 2.70 2.68 2.65 2.31 2.40 2.06
30° Varus 2.15 2.60 3.00 2.95 2.84 2.47 2.53 2.13
Table 8. Average von Mises stresses in the different ROIs for the 50 mm cemented stem.
Cemented 50—Average von Mises Stress (MPa)
Configuration
ROI1 ROI2 ROI 3 ROI 4 ROI 5 ROI 6 ROI7 ROI 8
30° Valgus 1.67 1.73 1.94 1.65 1.87 1.76 1.75 1.67
20° Valgus 1.57 1.70 1.93 1.69 1.90 1.77 1.77 1.67
10° Valgus 1.56 1.83 2.02 1.89 2.05 1.86 1.83 1.65
5° Valgus 1.61 1.90 2.08 1.97 2.11 1.91 1.87 1.67
Well Aligned 1.81 2.14 2.29 221 2.29 2.06 1.99 1.72
5° Varus 1.92 2.26 2.40 2.32 2.36 2.12 2.04 1.74
10° Varus 2.02 2.36 2.48 2.40 242 2.17 2.08 1.76
20° Varus 2.52 2.84 291 2.82 2.73 2.43 2.28 1.88
30° Varus 2.81 Bl 3.18 3.06 2.92 2.58 2.40 1.95
Table 9. Average von Mises stresses in the different ROIs for the 120 mm cemented stem.
Cemented 120—Average von Mises Stress (MPa)
Configuration
ROI'1 ROI 2 ROI 3 ROI 4 ROI 5 ROI 6 ROI7 ROI 8
30° Valgus 1.49 152 1.75 1.66 1.88 1.76 1.76 1.67
20° Valgus 1.38 1.48 1.72 1.69 1.91 1.78 1.77 1.67
10° Valgus 1.30 1.56 1.79 1.89 2.05 1.87 1.84 1.65
5° Valgus 1.34 1.62 1.85 1.97 211 191 1.88 1.67
Well Aligned 1.50 1.84 2.06 221 2.29 2.05 1.99 1.72
5° Varus 1.60 1.95 2.16 2.32 2.36 2.12 2.04 1.74
10° Varus 1.68 2.04 2.25 2.41 2.43 2.18 2.09 1.77
20° Varus 2.14 2.50 2.70 2.83 2.75 2.44 2.30 1.89
30° Varus 2.40 2.78 2.99 3.08 2.94 2.60 242 1.96

From Figure 5, it is thus possible to see that each model induces a different stress
distribution, especially in the distal femoral region (ROI 1), and that the differences are
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instead lower in the proximal regions (ROI 7). Moreover, it is also possible to see that, for
each configuration analyzed, the change in average von Mises stress is mostly insensible to
changes of the valgus angle (with a variation curve almost horizontal) while it is moderately
sensible to changes in terms of the varus angle.

Analyzing the proximal regions in detail, it is possible to see that in ROI 1 the short
stem is characterized by a higher average stress (almost the same for cemented and press-fit
fixation) while the press-fit long stem is characterized by lower stresses, especially in the
varus conditions: this outcome is reasonably due to the stress shielding effect related to the
longer stems, which consequently leads to slightly higher stresses in the regions close to
the stem tip.

4. Discussion

In this study, a series of finite element simulations was performed in order to evaluate
the effects on the insert and bones of different configurations of RH TKA prosthesis, in
terms of valgus and varus deformities, lengths of femoral stems, and fixation approaches.

The results found returned that, overall, the tibio-femoral contact forces and areas
are not considerably influenced by variations of stem length and fixation approach while
varus/valgus variations lead to relative changes (varying according to the parameter
analyzed and to the gravity of the deformity). Moreover, the femoral bone stress distribution
was determined to be influenced by the variations in the prosthesis design and fixation,
with further differences found in relation to the region of interest considered.

Addressing more in depth, the outcomes of the tibio-femoral interface, the reason
behind the lower sensibility of the contact area to varus/valgus angles and the overall
insensibility to the variations in stem length and fixation approach is indeed to be found
in the design of the RH TKA itself. In detail the central constraint, which allows internal-
external rotations and superior-inferior translations, does not enable any other degree of
freedom and thus contributes to maintain the tibio-femoral interactions to be more constant.
For this reason, indeed, changes in the contact area are remarkably low in varus deformities
ranging from 0° to 30° (less than 20% variation in terms of contact area, while slightly
higher values are found in terms of force), even if the difference in the input forces is greater
than 35%. These outcomes are then in agreement with several clinical studies focused on
endo-model hinged TKAs, which reported its stability and absence of cases of wear due to
overloading of the polyethylene [13,15,49]. Moreover, a recently published study [50] on
the use of the rotating hinge and followed over 10-years concluded that using a specific
RH TKA design with less rotational constraint has better clinical and survival outcomes
than implants with greater rotational constraint (such as one specific CCK addressed in the
study) in case of varus and valgus deformities.

Addressing then the outcomes in terms of femoral bone stress, the results highlighted
how these values are influenced more by the stem length and fixation rather than the values
of varus and valgus deformities; these results are indeed in agreement with that found
in the literature concerning the effects of stem design [20,21] and moreover demonstrate
the ability of this prosthesis to maintain similar outcomes in terms of bone-prosthesis
interactions, despite the different levels of deformity of the patient joint.

It is however to be mentioned that this study presents a series of limitations. Firstly,
only one implant model was considered, with a single size and typology being analyzed;
a single angle of flection was then simulated for all of the configurations. These two
restrictions may indeed represent a limitation for the generalization of the results, but it is
to be highlighted that these choices allowed to perform a comparative study focused on the
specific parameters taken into consideration, thus obtaining meaningful information that
can therefore represent an interesting insight for the surgeons during the decision-making
process. Addressing the finite element models, it is to be mentioned that the material
models used to simulate the bones in this study implied a series of assumptions: indeed,
no bone activity was considered in the simulations and therefore the variations in femoral
mechanic characteristic, usually occurring in response to the different loading conditions
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the joint undergoes [51-54], are not taken into account. Despite these latter limitations,
however, these models were developed based on previously published and validated
ones [21] and therefore the results they provided can be considered reliable, as they are
furthermore in agreement with the literature [2,20,21].

Concerning the validation of the model, it is to be mentioned that no direct validation
was performed for this study; however, it is to be considered that the model used was
implemented starting from validated models that can be found in previously published
studies [21,25-27], and therefore can be considered as reliable in its results.

5. Conclusions

This study provided interesting information on the influence of varus/valgus defor-
mities of different levels of severity on the performances of different configurations of
rotating hinged TKA, showing how the prosthesis design features mainly alter the bone
stress distribution while varus/valgus deformities are the main responsible factors for
variations in tibio-femoral contact forces and areas.

This result represents an interesting information for the surgeons: for implants char-
acterized by high level of constraint, indeed, alterations in the bending and torsional
stiffness and moments might occur if the stem length and fixation are modified, and they
would therefore be transferred to the tibio-femoral interface of the implant; this eventuality
may thus condition the surgeon’s choice, which may aim for a compromise in order to
avoid any tibio-femoral issues deriving from these alterations. The results of this study
showed instead that, in the case of the rotating hinge analyzed, no remarkable mechani-
cal consequences on the tibio-femoral interface are found despite variations in stem and
fixation configuration; the surgeon can therefore focus their decisions on optimizing the
bone-implant interface, without the need for finding a compromise in the fear of altering
excessively the tibio-femoral biomechanics.
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Abstract: In orthopaedic oncology, limb salvage procedures are becoming more frequent thanks to
recent major improvements in medical imaging, biomechanical modelling and additive manufac-
turing. For the pelvis, surgical reconstruction with metal implants after tumor resection remains
challenging, because of the complex anatomical structures involved. The aim of the present work
is to define a consistent overall procedure to guide surgeons and bioengineers for proper implant
design. All relevant steps from medical imaging to an accurate 3D anatomical-based model are here
reported. In detail, the anatomical 3D models include bone shapes from CT on the entire pelvic bone,
i.e., including both affected and unaffected sides, and position and extension of the tumor and soft
tissues from MRI on the affected side. These models are then registered in space, and an initial shape
of the personalized implant for the affected side can be properly designed and dimensioned based
on the information from the unaffected side. This reported procedure can be fundamental also for
virtual pre-surgical planning, and the design of patient-specific cutting guides, which would result is
a safe margin for tumor cut. The entire procedure is here shown by describing the results in a single

real case.

Keywords: multimodal medical imaging; DICOM segmentation; anatomical modelling; model
registration; distance mapping; pelvic reconstruction; personalised implant design; surgical planning;
orthopaedic oncology

1. Introduction

In orthopaedic oncology, limb salvage procedures for the pelvis requires tumor re-
section by an appropriate excision followed by careful corresponding reconstruction of
the affected bone and soft tissues [1]. Pelvic resections and reconstructions are classified
by tumor extension and the section of bone to be resected, i.e., iliac or periacetabular or
pubic location [2]. In particular, according to the Enneking and Dunham classification [2],
type I involves the iliac region, type II the periacetabular region, type III the pubis or
ischium, and type IV the lateral part of the sacrum. Most of these reconstructions involve
the acetabulum, which implies the replacement of the hip joint [3,4]. For all pelvic resection
and reconstruction procedures, the primary goals are the restoration of the physiologic
joint motion and the maintenance of good quality of life [4]. To date, surgical reconstruction
after tumor resection in the pelvis remains a challenge, because of the critical and complex
anatomical structures involved. A major critical aspect is the bone cut, which must be
performed to achieve an adequate margin around the tumor, but also to preserve as much
skeletal structure and joint function as possible, including adequate bone stock and soft
tissues such as ligaments and tendons [1,5-7].

Important advancements in pelvic reconstruction using biological reconstruction
such as structural pelvic allografts or autografts, arthrodesis and endoprostheses have
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been shown [8], though a high rate of complications, including infection, dislocation
and mechanical failure, have been reported [5,9-12]. More recently, there has been a
strong interest in custom-made prostheses, particularly after the great developments of
additive manufacturing, also known as 3D-printing. A custom-made prosthesis is a fully
personalized implant, which is aimed at achieving a more anatomical reconstruction, i.e.,
more respectful of the original anatomy, and a better match with patient’s residual bone,
and thus a smaller risk of loosening, infection, fractures, and any possible mechanical
failure. It also allows a precise pre-operative planning of the surgical procedure, this
including the positioning of the prosthesis, and the setting of corresponding bone cuts. The
potential better long-term clinical and functional results are supported by the good short-
term results [3,5,7,13-24]. 3D printed implants have attracted much attention nowadays
also because of faster production and lower costs, together with the accurate optimization
and control of the overall geometry, both in terms of the external roughness and internal
topology [25].

Surgical reconstructions at the pelvis using custom-made implants are showing encour-
aging results, both at the acetabulum, ileum, and sacrum sections, with low complication
rates, although wound healing problems have been reported [17,26]. On the other hand,
any custom-made implant requires careful medical imaging and time-consuming mod-
elling and design [6]. Nevertheless, this digital process allows a precise identification
of the tumor and, thus, a careful computer-based pre-surgical planning of the bone re-
section [5,24,27], though this virtual surgery depends on the quality of medical imaging
and the software tools utilized and the experience and ability of the surgical team. As
mentioned, computer-based design and 3D printing of these implants have the potential
to result in advanced porous metal implants, with different geometries of the internal
and external structures, and with no limits to their complexity. It is also possible to use a
number of different materials, with mechanical properties similar to those of the natural
anatomical structures [25,28,29]. This further technical advancement has been assessed
already also in custom-made implants for complex pelvic reconstructions [13,17,30,31]. The
final surgical result of these reconstructions, also in term of an accurate prosthesis-to-bone
contact, largely relies also on how bone resections are performed, and thus on the design
and manufacturing of the so-called patient-specific cutting guides [1,15,30,32-35].

The anatomical design of these implants based on digital bone models should imply
the knowledge of the shape of both the affected and unaffected hemipelvis; the former
must provide an accurate location and extension of the tumor, the latter should be con-
sidered a best possible target for the final reconstruction [15,27,36,37]. The exact defini-
tion of the tumor, together with the skeletal and soft tissue structures, requires complete
computer-based anatomical models, to be obtained via multimodal medical image scans
using computed tomography (CT) and magnetic resonance imaging (MRI), and accurate
3D reconstructions. These final 3D models, observed separately and also registered super-
imposed on one another in 3D space, allow visualization, identification and localization
of all important anatomical structures, necessary for a careful pre-surgical planning and
implant design [3,38,39]. For these procedures, and for the following virtual surgery plan-
ning, a close collaboration between surgeons, radiologists, bioengineers, and technicians
is necessary. Despite these techniques must have been exploited massively for modern
custom-made implants, only a few papers have reported in detail the procedures implied
in this modelling part of the personalisation [15,27,30].

The aim of the present work is to report on an original procedure in orthopaedic
oncology for the 3D design of custom-made implants for the pelvis. In particular, the
procedure is here shown for a single clinical case and follows the full process from medical
imaging to final 3D computer-based models of the tumor resection and bone reconstruction.
All these steps are based on personalised models of the pelvis of the patient, including
the bones and the tumor, as derived from of CT and MRI images using state-of-the-art
semi-automatic segmentation tools. The steps of this procedure are also defined under
careful indication of the surgical team, including of course the critical decision on the
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osteotomies for tumor resection. This technical procedure includes for the first-time spatial
registrations and also mirroring of the unaffected hemipelvis to the affected one, as a
reliable subject-specific homologous reference for a possible most accurate definition of
these cutting planes. In every step, the main accuracy parameters are tracked.

2. Methods

The technical steps here reported refer to a female patient, a 54 year-old woman
(height: 168 cm; weight: 70 Kg; body mass index: 24.8 kg/m?) affected by a malignant
bone tumor in the left pelvic bone, in particular a condrosarcome grade II. According to the
Enneking and Dunham classification [2], this patient had a type I + II + III partial lesion,
due to the extension of the tumor on the iliac region, in the acetabulum and, partially, also
in the pubic and ischiatic area. The patient had not received chemotherapy at the time of
medical imaging data collection.

2.1. Image Processing: Image Segmentation and Geometrical Modelling

The patient underwent pre-operative computed tomography (CT) of the pelvis, sacrum
and proximal femur, and magnetic resonance imaging (MRI) of the pelvis regions involved
in the tumor lesion. The acquired images were exported in Digital Imaging and Com-
munications in Medicine (DICOM) files and imported into an image visualization and
processing software, Amira (Zuse Institute Berlin ZIB, Dahlem, Berlin, Germany—Thermo
Fisher Scientific, Waltham, MA, USA). A semi-automatic segmentation was performed
(Figure 1A) [40], for anatomical structure reconstructions. For every slice of the scan, the
external surface of the bones and the tumor were identified and depicted, to obtain their
3D models (Figure 1B) by merging these 2D segmented silhouettes.

: )

Figure 1. The process of geometrical modeling of the bone shape: image segmentation in the 2D

images (A) and the final 3D model (B) via Amira software.

Several tools of the Amira software package were used to obtain accurate patient-
specific models of the above reported anatomical structures. In more details, among these
tools, thresholding was preferred, according to the Hounsfield Unit (HU) values for the
bones and the tumor, which was set slice by slice, also depending on the quality of the
corresponding CT or MRI medical image. The 3D model of the bones was generated
from segmentation of the former (Figure 2A), the 3D model of the bones and tumor was
generated from segmentation of the latter (Figure 2B). The full segmentation and modelling
process was performed by a single expert operator. These two 3D models were exported
in binary stereolithography format (STL), and then imported into a reverse engineering
software, Geomagic Control (2014.3.0.1781, 3D Systems, Rock Hill, SC, USA).
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Figure 2. (A) 3D bone models (blue) obtained by segmentation from CT images, including pelvis,
sacrum and femur bones. (B) 3D model of the pelvis (purple) obtained by segmentation from MRI
images. In both the 3D models of the tumor on the left hemipelvis is depicted in green.

2.2. Registrations of 3D Models

To obtain a complete model of the pelvis suitable for the planning of the bone cuts
and the design of the implant device, which must include shapes of both bones and tumor,
registrations between CT-based and MRI-based models were performed in Geomagic
as well as the following steps. These registrations in general were executed via best-fit
spatial alignments based on 3D models of rigid objects achieved by the established iterative
closest point (ICP) algorithm [41]. This best-fit registration of two objects, i.e., the so-called
“reference” and the “test”, consists of an optimal spatial matching to minimize an overall
distance error between their surfaces. This results in a transformation matrix, together with
the estimation of the mean and root mean square (RMS) errors of the transformation.

Two major such registration procedures were performed, both bone-to-bone. A first
registration was between the CT-based and the MRI-based models, as the goal is to take the
3D shape of the tumor on the bone model of the affected hemipelvis (Figure 3). Because the
bone is poorly represented in MRI-based models, the final result is to superimpose exactly
the tumor, which better identified in MRI, with the best representation of the bone, which
is best obtained from CT. In other words, the portion of bone from MRI is registered to the
corresponding from CT; the same transformation is then applied to the tumor to get the
final bone plus tumor model.

A second registration then is between the affected and the unaffected hemipelvis. To
get a first anatomical shape to the metal implant meant to replace the resected bone stock,
the unaffected hemipelvis is mirrored and registered to the affected hemipelvis. A mirroring
plane is defined at the pubic symphysis (Figure 4A), and the unaffected is mirrored by
spatial registration. This can be performed by considering the whole hemipelvis, as well
as any part of it; several such trials can be performed, and the transformation with the
lowest registration error can be selected (Figure 4A). Eventually a model with the two
hemipelvis superimposed and the tumor in the correct position is obtained (Figure 4B). In
this model, the same 3D planes representing bone cuts at the affected hemipelvis are used
also to cut the unaffected hemipelvis, and thus to separate a most accurate possible shape
of the implant for the replacement.

2.3. Design of Bone Resection Planes

The cutting planes were defined on this 3D anatomical model under strict indications
by the surgical team members. They very carefully identify the tumor also by looking at
relevant original MRI images, and then plan its excision by setting the relevant bone resec-
tion cuts. Locations and orientations of these resection planes in the computer model were
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decided by identifying the exact position and extension of the tumor and by considering
a sufficient safety margin, here taken initially at about 20 mm, which takes into account
also the resolution of MRI and CT scans. Additional more surgical and clinical criteria are
also considered for a final compromise for this value, such as the smallest possible bone
stock to be removed, a best preservation of the critical soft tissues, and a best large contact
between the host bone and the implant, for its optimal final integration. In case of resection
of the iliac bone (type I + II), it is preferred to define a so-called “roof” cut, with an angle
of about 100° ~ 110° with respect to the anatomical frontal plane of the pelvis, for a best
fit of the prosthesis on the host bone, as well as for a secure support to the vertical forces
exchanged over the hip.

Figure 3. The 3D result after a best-fit registration of the MRI-based models to CT-based models;
again, the model of the tumor from MRI is depicted in green.

/

Figure 4. Bone models to depict the procedure for mirroring (A) and spatial matching of the two
hemipelvis (B). In (A), the unaffected hemipelvis (in blue, on the left) is to be mirrored to the affected
one (in yellow, on the right). This latter model, the affected one, is then matched (B) to the unaffected
one (blue); the tumor in the affected hemipelvis (from the registration as in Figure 3) is depicted
in green.
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The defined resection planes are introduced into the model, and, according to these,
cuts of the bone models are performed, both on the affected hemipelvis, i.e., left, and on
the mirrored and registered unaffected hemipelvis. In the present case, this virtual surgical
planning involves the iliac region, the acetabulum and partially the pubic and ischiatic
regions, for a total of four cutting planes (Figure 5).

Figure 5. The four cutting planes (a-b-c-d) defined for the four osteotomies necessary to remove the
bone stock with the tumor (in green). These virtual osteotomies are performed on both the affected
(in yellow) and unaffected (in blue) hemipelvis, after registration as in Figure 4B.

2.4. Creation of the Models for the Final Surgery

Additional bone models are thus defined from virtually performing these bone cuts.
The resection of the affected left hemipelvis results in the model of the region of the bone
containing the tumor, to be removed during surgery (Figure 6A), and the model of the part
of the pelvis meant to host the implant, i.e., the pelvis bone on which the implant will be
fixed (Figure 6B).

A third new model is obtained by the virtual bone cuts performed on the mirrored and
registered right hemipelvis; the part in correspondence of the tumor is meant to represent a
best possible shape of the implant, to be implanted in the host bone as defined in Figure 6C.

2.5. Virtual Planning Analysis and Post-Operative Evaluations

From these models, a great deal of relevant information can be taken, such as tumor
volume and areas of the hosting bone sections (Figure 7), in case to amend position and
orientation of the planes and to start with a new overall surgical plan. A suitable surgical
approach and optimal location and orientation of the fixation elements, such as screws and
plates, can also be adjusted. This overall procedure ensures that the design of the initial
shape of the implant is based on the exact patient-specific bone and tumor morphology, to
obtain a full custom-made limb salvage plan.
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/

Figure 6. The three relevant models defined at the end of the procedure, after the registration as in
Figure 4B and the bone cuts as in Figure 5: (A) the model of the hemipelvis section containing the
tumor; (B) the model of the affected hemipelvis without A, thus intended as the bone to host the
prosthesis; (C) the model representing a first shape of the implant, because derived from registered
unaffected hemipelvis after applying the same cuts. Because of the overall procedure, the section
areas in (B,C) have exactly the same position and orientation.

~

Figure 7. Depiction of the sections (in red) at the affected hemipelvis, supposed to host the implant,

the upper part in the ilium (A), and the lower part in the ischium and pubis (B).
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3. Results

The best-fit registration gives as results a transformation matrix, besides the mean
error and the root mean square (RMS) of the registration.

3.1. Registration of 3D Models

The mean error and RMS value of the first best-fit registration, i.e., from MRI-based to
CT-based models, are 0.98 and 1.44 mm, respectively.

3.2. Creation of Final Models for Implant Design

The corresponding results for the second best-fit registration, i.e., between the affected
hemipelvis and the unaffected hemipelvis after mirroring and matching procedures, are
0.87 and 1.16 mm, respectively.

3.3. Virtual Planning Analysis and Post-Operative Evaluations

The results of the virtual planning analysis are shown in Table 1. In particular, the
area of cutting sections in the second model defined in the current procedure (the affected
hemipelvis meant to host the implant) and its volume, the volume of the first model (the
hemipelvis section containing the tumor) and the volume of the third model (the model
representing a first possible shape of the implant).

Table 1. Area of the cutting sections and volume of the final models obtained.

FIRST l}’[ODEL SECOND- MODEL THIRD MODEL
Affected Hemipelvis Hemlpe1'v1.s Section Model of the First
Meant to Host the Containing the
Shape of the Implant
Implant Tumor
SECTIONZAREA 2454.8 2454.8 2489.6
(mm?)
VOLUME (mm?) 178,601.5 103,961.6 135,535.6

4. Discussion

Limb salvage for pelvic tumor is a complex surgical treatment and represents a chal-
lenge for orthopaedic oncology surgeons. The primary goal in the removal of the tumor
and replacement with an implant is to achieve an adequate margin and to preserve the
relationship between the remaining tissues [5,8]. The recent advent of 3D printing tech-
nology, together with the use of CT and MRI, provides an important solution for these
problems [7,14,15,38,42]. In the present study, an original procedure is defined, with all
steps from these medical imaging to an accurate 3D anatomical—based model with the
shape of the implant; this would be fundamental also for virtual pre-surgical planning,
and the design of patient-specific cutting guides. The entire procedure is here shown by
depicting the results in a single real case.

These guides are fundamental, for the surgeons to achieve the result designed in the
pre-operative planning, in particular the perfect intra-operative positioning and fixation
of the prosthesis, which would result also in a safe margin for full tumor removal [3].
Knowing from the virtual models the exact shape of the bones, and the exact position and
orientation of the cuts, together with the experience of the surgical access and overall room,
the design of these cutting guides and their additive manufacturing with suitable material is
straightforward. In the operating theatre, their correct position is usually checked with the
help of drawings from pre-operative planning and also with sterile bone models from the
case. Once the cutting guides are placed in the correct position, bone is cut with oscillating
saw, and then bone and guides are removed.

The anatomical 3D computer models include bone shapes from CT, and position and
extension of the tumor and soft tissues from MRI. These models, in their digital format,
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are registered in space (Figure 3), i.e., positioned in corresponding locations; from this, a
process starts for an initial shape of the personalized implant to be obtained (Figures 4-7,
Table 1). The major originality of the present procedure is the definition of a best possible
initial virtual model for the final personalized implant (Figure 6C). This is designed to
restore skeletal anatomy as best as possible, by mirroring the corresponding contralateral
part (Figure 4) and thus it matches well with the remaining bone to host the implant
(Figure 6B) by definition. These two models do come from different hemipelvis, but the
cuts are performed once, when these hemipelvis are mirrored and registered one over the
other (Figures 4B and 5). In other words, the same virtual bone cuts (planes a-b-c-d in
Figure 5) identify the bone-stock with the tumor (to be removed, in the affected hemipelvis)
and the corresponding contralateral part (for the replacement, in the unaffected hemipelvis),
respectively parts A and C in Figure 6. This guarantees a perfect match between these
models, for a final successful replacement in the operating theatre, apart of course the
anatomical asymmetry also caused by the tumor and the spatial registration error, which
are expected however to be small. These are the only sources of the present very small
difference (about 35 mm2—Table 1) of the matching faces in the corresponding resection
areas, which is clinically acceptable. In any case, the very final design of the implant can
cope and adjust this mismatch easily.

These operations were all performed at the computer, using suitable software tools,
but can also be replicated by using physical models, thanks to current accessible 3D
printers, able to manufacture corresponding objects by the additive technology, now in a
fast and cheap way [14]. These physical models are very important both for surgeons and
bioengineers, to handle and check the virtual planning by using an exact replica of the case;
final recommendations can be made, and refinements can still be performed to the design
of the implant and of the treatment. In particular, the fixation elements of the implant
and the bone cutting guides are to be checked carefully. This phase is also suitable for the
preparation and training of the team, and in case for the explanation of the anatomical
conditions and of the relevant surgery to the patient and relatives. The industry is also
involved in this process, to assess the final production of the implant (for instance materials,
surfaces, porosity, lattice, etc.).

In this report, the ICP registration between the bone models was performed. These
spatial registrations can be performed also via the so-called single value decomposition
method [38], but in this case a repeatable procedure to identify corresponding anatomical
landmarks must be developed and tested, besides the fact that generally the present ICP
registration method resulted in a lower error value [38]. The overall computer models after
spatial registration between CT- and MRI- based reconstruction of anatomical structures
may also involve the soft tissue. Together with the pelvic bones and the tumor, also the
muscle-tendon units and even blood vessels can be included, as their location can possibly
have a very critical impact with the implant and the surgical instruments such as guides,
drills, and saws.

The overall quality of the planning can be checked preoperatively at the computer but
also with the physical models. During surgery, additional checks shall be performed. Post-
operatively, additional measurements can be taken to validate quantitatively the overall
process of segmentation, modelling, registration between models, designing and implant-
ing. A CT scan of the resected bone affected by the tumor can be performed, and its
3D computer model can be compared to the corresponding model defined in the virtual
preoperative planning; after a spatial merging of the two models, a root mean square error
would well represent the overall quality of the digital and surgical actions [30]. On the
other hand, a larger CT scan of the entire operated pelvis can in theory reveal the quality
of the entire plan and surgery, but the presence of large metal implants results in severe
image artefacts, these being difficult to be removed.

This study has limitations. First of all, the use of a single patient to better explain
the procedure; other cases may correspond to more or less complex situations. This was
also run by only one trained operator: the result of the present procedure was certainly
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influenced by this single implementation, in particular the overall process of segmentation
and the identification of the tumor. This is by necessity a generalised procedure, because of
the uniqueness of each single clinical case in this area; in other words, established standard
procedures cannot be defined, as bone tumor location and extension cannot be known
and catalogued precisely [2]. In this respect, the role and involvement of the surgeons are
fundamental for tumor identification, location, and treatment, together for the definition
of the cutting planes and the overall preoperative surgical planning. These resection
planes could be better positioned by taking advantage of more cautious considerations
and knowledge of the magnitude and direction of the hip joint contact forces; these can be
taken generically from the literature, or even by patient-specific measurements, by using
state-of-the-art gait analysis and musculo-skeletal models of the lower limbs.

5. Conclusions

A thorough procedure supporting the custom-made design and manufacturing of
implants for the surgical treatment of bone tumors at the pelvis is proposed. A few steps are
based on established practice in biomechanical modelling, others on original concepts. All
these however have been shared with surgeons and industry, as well as discussed within
international teams of experts. The present use of both CT and MRI imaging does allow a
careful reproduction of the main anatomical structures, including the tumor, resulting in a
more accurate planning and implant designing. The procedure could be easily rearranged
also for other anatomical complexes, especially where symmetry restoration represents an
important scope.
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W N e

Abstract: The in-vivo quantification of knee motion in physiological loading conditions is paramount
for the understanding of the joint’s natural behavior and the comprehension of articular disorders.
Dynamic MRI (DMRI) represents an emerging technology that makes it possible to investigate the
functional interaction among all the joint tissues without risks for the patient. However, traditional
MRI scanners normally offer a reduced space of motion, and complex apparatus are needed to load
the articulation, due to the horizontal orientation of the scanning bed. In this study, we present an
experimental and computational procedure that combines an open, weight-bearing MRI scanner
with an original registration algorithm to reconstruct the three-dimensional kinematics of the knee
from DMRI, thus allowing the investigation of knee deep-flexion under physiological loads in space.
To improve the accuracy of the procedure, an MR-compatible rig has been developed to guide the
knee flexion of the patient. We tested the procedure on three volunteers. The overall rotational and
positional accuracy achieved are 1.8° £ 1.4 and 1.2 mm =+ 0.8, respectively, and they are sufficient for
the characterization of the joint behavior under load.

Keywords: Dynamic MRI; weight-bearing MRI; knee deep-flexion

1. Introduction

Musculoskeletal disorders are the second most common cause of disability world-
wide, exceeded only by traffic-related injuries, and they are responsible for the 21.3% of the
total years lived with disability [1,2]. Among human articulations, the knee is one of the
most susceptible to ligament injuries and to the risk of osteoarthritis development [3]. Un-
derstanding and identifying a patient’s normal and pathological joint function is, therefore,
a high clinical priority.

Static morphological imaging helps the diagnosis and the etiology identification of
these disorders [4]. However, the functional characterization of musculoskeletal system
in physiological conditions still relies on clinician experience [5]. Indeed, the relation
between anatomical structures that can be observed during static imaging may significantly
differ from what is measured during dynamic musculoskeletal tasks [6-8]. Several studies
showed that evaluating a patient by means of static, non-weight-bearing scans alone may
result in misdiagnoses [6-10]. In-vivo imaging of joint motion may fill the gap, providing
a tool to better understand the normal joint physiology, investigating the etiology of
musculoskeletal diseases, and designing more effective treatments.

Currently, in-vivo analysis of articular motion can be performed by several tech-
niques [11]: ultrasonography [12], fluoroscopy [13], computed tomography (CT) [14], and
Magnetic Resonance Imaging (MRI) [6]. Ultrasonography, however, is limited to the evalu-
ation of soft tissues around the joint. Fluoroscopy and CT expose the patient to ionizing
radiation and do not allow the direct observation of soft tissues. On the other hand, MRI
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returns information of both bones and soft tissues without known risk for the patient.
This, together with the recent advances in dynamic sequences, boosted the application of
Dynamic MRI (DMRI) to the investigation of joint behavior [15].

The goal of this work is to present an experimental-computational procedure for
the investigation of the knee deep-flexion under physiological loads. The procedure
reconstructs the spatial kinematics of the knee from dynamic planar MR images. To
this aim, we employed a weight-bearing MR scanner, in combination with a custom MR
compatible rig, to guide the knee flexion during the dynamic scan. Finally, we developed a
new registration algorithm to reconstruct the three-dimensional tibio-femoral kinematics
from DMRI.

2. Materials and Methods
2.1. Experimental Setup

MR scans were performed with a 0.25 T G-Scan, Esaote SpA. Despite the low magnetic
field, this scanner has the advantages of a rotatable bore (Figure 1), allowing for the weight-
bearing imaging of the patient. Additionally, the scanner is open, thus making a wider
mobility of the patient possible. Loaded knee flexion was performed with the scanner in
vertical position and with the aid of an MR-compatible rig specifically designed to guide
the knee flexion. The rig is in plastic and consists of a hydraulic step that can be lowered at
controlled velocity by regulating the liquid flow from the piston sustaining the step to the
accumulation tank (Figure 2). Connectors in the hydraulic circuit were made out of brass to
minimize the magnetic field distortion, while the steel-controlling valves were positioned
outside the scanner room and controlled by an operator.

During the scans, the volunteers stood with the right leg in the scanner, while the
contralateral leg was supported by the step (Figure 2). Lowering the step, the right leg
flexed under the weight of the volunteer, resulting in a physiological load comparable with
what is experienced during stair climbing.

2.2. Preliminary Static Acquisitions

We analyzed three volunteers (age: 29 & 7.9 years; height: 174.3 & 7.6 cm; weight:
71.7 £ 7.6 kg). For each volunteer, an initial MRI of the knee (3D hybrid contrast enhance-
ment, FOV 512 x 512, pixel spacing 0.5/0.5, slice thickness 0.5 mm, TR = 10 ms, TE = 5 ms,
flip angle 60°, hereinafter 3D HYCE) was taken in a supine, non-weight-bearing configura-
tion to provide a reference image for the segmentation of all the main knee structures. In
particular, bone models of the femur, tibia, and fibula were segmented through the open
software MITK. Anatomical reference systems for the femur and tibia were defined based
on the convention proposed by Tashman and co-workers [16], for which x, y, and z are axes
respectively pointing anteriorly, proximally and to the right. For the aims of the present
study, fibula and tibia were considered as a rigid complex.

2.3. Registration Algorithm

With the employed scanner, DMRI results in a series of subsequent planar acquisitions
taken while the subject is moving. More than one plane can be scanned for the same joint
pose: for instance, as clarified below, we chose to use two synchronized planes in this
case, although the number could be higher. Joint kinematics can, thus, be reconstructed
by registering a 3D model of the moving objects on the DMRI planes for each measured
joint pose.
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Figure 1. The employed MR scanner in traditional (a) and weight-bearing (b) configuration.

Figure 2. The MR-compatible rig used to guide the knee flexion.

The 2D /3D registration algorithm developed for this study is based on voxel intensity,
exploiting the low signal associated with the bone tissue within the MR scans to register
3D bone models on the DMRI images through rigid rototranslations. To this aim, a model
of the inner bone, namely the internal surface of the cortical and subchondral bone, was
also segmented from the non-weight-bearing MRI with an offset of 0.5 mm. Thanks to this
offset, when the model is correctly registered on MRI data, for each image, the intersection
between the inner bone model and each DMRI plane will take place inside the cortical bone
region, which should correspond to the minimum signal intensity on the DMRI images.

Optimal registration is performed within a proprietary C++ code. Bones are moved
within the MR reference system, and the intersection between the DMRI planes and stl
model is computed for each pose. Since DMRI has a non-zero thickness, all the stl points
whose distance to the scanning plane is less than half the slice thickness are considered as
belonging to the intersection and projected on the scanning plane. For each intersection
point, the corresponding intensity is computed by bilinear interpolation of the DMRI voxel
values. For each frame, optimal bone position is obtained by minimizing the mean of
this intensity value extended on the overall intersection between DMRI planes and bone
stl model.
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The registration process just presented is fully automatic; however, it is affected by
the initial registration, i.e., the first guess of the first joint pose. To minimize the impact of
the operator, initialization of the registration is partially automatized in a separate step.
The first DMRI frame of each plane is processed by means of a Channy edge detection
algorithm to identify the bone contours, resulting in a cloud of points. The operator is then
requested to refine the detected edges, manually eliminating points that do not correspond
to the cortical bone. The operator manually registers the bone stl models to this cloud of
points. This initial registration is then refined by means of an ICP algorithm and passed,
as a starting point, to the 2D/3D intensity-based registration algorithm. A schematic
representation of the overall code workflow is given in Figure 3.

2.4. Identification of the Optimal Scanning Planes and Registration Accuracy

In order to provide a reference motion to test the registration algorithm performance,
five additional static scans (3D HYCE) were also taken in weight-bearing configuration,
setting the flexion angle, by means of the rig, approximately at 0°, 15°, 45°, 75°, and 90°
(Figure 4). Bones were segmented from all the scans, and the femur, tibia, and fibula
from non-weight-bearing MRI were registered to the corresponding bones on each scan
through an Iterative Closest Point (ICP) algorithm developed in Matlab (Figure 4). Since the
anatomical reference frames were defined on the non-weight-bearing MRI, as noted above,
in this way, it was possible to define the rototranslational matrixes describing the relative
pose of the anatomical reference systems of the femur and tibia at the five static scans. The
femoro-tibial motion was derived by parametrizing the rototranslational matrixes, using
the center of the femoral reference system to track the translations and the ZXY cardanic
angle sequence to represent the rotations [17].

To reduce the scanning time, the number of DMRI planes acquired for each exam
was limited to two. To determine which plane combinations would allow for the optimal
motion reconstruction, DMRI was simulated from the five static weight-bearing scans of
one volunteer by resampling the original MRI in different planes (Figure 5). The set of
tested plane pairs is reported in Table 1. For each combination of planes and each static scan,
the registration algorithm was run, and the positional and orientational accuracies were
evaluated as the mean absolute error (MAE) between the reconstructed and measured tibio-
femoral motion. Once the combination resulting in the smallest rotational and translational
MAE was identified, plane orientation was further adjusted to minimize the chance of
out-of-plane motion during knee flexion. Accuracy was also tested for these optimal planes
to ensure no quality loss in bone registration.

Once the optimal scanning planes were determined, DMRI results were simulated
from the static scans for all the three volunteers, as described above, and the registration
algorithm was run. With respect to the real dynamic imaging described below, the bone
spatial pose is known in this case, thus facilitating an accurate validation of the registration
algorithm. The overall rotational and translational algorithm accuracies were then defined
as the MAE between reconstructed and measured motion, as well as averaged on the
three volunteers.

2.5. Dynamic Imaging

For each volunteer, three exams were performed for recording DMRI (2D hybrid
contrast enhancement, FOV 200 x 200, pixel spacing 0.68/0.68, slice thickness 5 mm,
TR =20 ms, TE = 10 ms, flip angle 80°, 2.9 s per frame) of the right leg on the two optimal
planes. Each exam required two flexions since the G-Scan Brio allows the acquisition on a
single plane at a time. To minimize the variations between subsequent acquisitions, DMRI
were taken one after the other using the same step velocity. An additional support was
introduced to keep the shank fixed in the scanner during the tests while, at the same time,
allowing an unconstrained motion at the knee.
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Figure 3. Schematic representation of the registration process to the reconstruction of the knee

kinematics from DMRI.
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Figure 4. Reconstruction of knee kinematics from five static scans at different knee flexion angles:
patient position for each scan (top row) and corresponding segmentation of knee bones (bottom row).
The bones from non-weight-bearing scan are represented in green, registered on the corresponding
bones, as segmented from each weight-bearing MRI, in blue.
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Figure 5. Location of the tested DMRI plane for the optimization of the kinematics reconstruction.
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The first two exams were identical, while during the third, a wooden block was
positioned below the left foot to increase the starting flexion angle to the volunteer’s
maximum. For each repetition, 71 frames were recorded.

2.6. Joint Kinematics Reconstruction: Repeatability of the Exam and Sensitivity to the
Initial Registration

The registration algorithm was applied to the three repetitions of DMRI performed
by each volunteer. To minimize the effect of the initial registration, simulations were run
from full extension to flexion, and then, the frame order was inverted to simulate extension.
Only the extension cycle was considered.

To test the repeatability of the experimental procedure, the standard deviation among
the three repetitions was computed over the common flexion range for each motion com-
ponent. Rotational and translational repeatability were defined as the mean standard
deviation values over all volunteers.

To test the impact of the initial registration on the final reconstructed motion, the algo-
rithm was run by perturbing the pose of the tibia, fibula, and femur (the three considered
as a single rigid complex) first by -5 and then by £10 (mm and °), on each component, for
a total of 1456 combinations around the initial registration proposed by the operator. In this
case, simulation from full extension to flexion and then back to extension was also run, and
only the extension cycle was considered and compared with the motion obtained without
perturbation of the initial pose. Trajectories with rotational MAE below 0.5° and transla-
tional MAE below 0.5 mm were considered not affected by the considered perturbation.

3. Results

The rotational and translational MAE for the different pairs of tested planes are
reported in Table 1, considering this measure as an indicator of the system accuracy. The
optimal planes show the lowest errors.

The registration accuracy estimated on the simulated DMRI for the three subjects was
1.8° + 1.4 and 1.2 mm = 0.8, for rotations and translations, respectively. In Figure 6, the
bone registration on the two DMRI planes is depicted.

Figure 7 shows the comparison among knee motion as reconstructed from a real DMRI
exam and as estimated through static scans for the three volunteers, while Figure 8a shows
the three repetitions for one volunteer. The overall repeatability for the three volunteers
was 3.2° and 1.3 mm.Over the 1456 perturbations of the initial registration, 97.6% (1421)
resulted in differences below 0.5° and 0.5 mm with respect to the unperturbed motion
(Figure 8b). In the remaining 2.4% of cases (35), the reconstruction error was significantly
detectable, resulting in average rotational and translational differences of 17.3° 4= 7.7 and
9.7 mm =+ 4.5, respectively.

4. Discussion

We presented an experimental-computational procedure for the in-vivo quantification
of the knee kinematics under physiological loads by means of non-invasive DMRI. The pro-
cedure combines a weight-bearing, open MR scanner, a MR compatible rig to guide the knee
flexion, and a registration algorithm to reconstruct the motion from DMRI. The procedure
is non-invasive and, except for some initialization parameters, completely automatic.
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Table 1. Rotational and translational MAE for each of the tested combinations of DMRI planes.

Plane Combination Rotational MAE [°] Translational MAE [mm]
Sag-Cor 1.8+ 15 1.8+17
Sag-Ax1 28+24 1.8+1.4
Sag-Ax2 1.0 £ 0.7 14+£09
Sag-Med 24+14 1.6 +1.4
Sag-Lat 1.8+1.1 1.3+£15
Cor-Ax1 32+46 42+48
Cor-Ax2 3.0+3.0 24419
Cor-Med 28+25 1.7+ 1.6
Cor-Lat 25+21 19+17
Ax1-Ax2 31+23 14+0.8
Ax1-Med 22+19 14+14
Ax1-Lat 35+19 55+5.8
Ax2-Med 5.0+ 3.2 27 +27
Ax2-Lat 23+15 28+25
Med-Lat 1.8+1.1 1.2+ 0.6

Opt1-Opt2 1.0 0.5 0.7+ 04

OprT 2

Figure 6. Representation of the bone registration, on the two optimal DMRI planes, at different flexion
angles. The registered femur intersection with the planes is depicted in blue, while the tibia—fibula
complex intersection is depicted in red.
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Figure 7. Comparison between knee kinematics reconstructed from dynamic (blue) and static
(black) MRI. The Abduction/adduction (AA), internal/external rotation (IE), anterior /posterior (AP),
proximal/distal (PD), and medial/lateral (ML) translations are plotted vs. the knee flexion angle.
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Figure 8. (a) Comparison between knee kinematics reconstructed from three repetition of dynamic
(blue) and static (black) MRI for one volunteer. The Abduction/adduction (AA), internal/external
rotation (IE), anterior /posterior (AP), proximal/distal (PD), and medial/lateral (ML) translations
are plotted. (b) Comparison among the kinematics reconstructed from DMRI without (blue) and
with (red) perturbations. In red, the 1421 cases (97.6%) not affected by perturbation of the initial pose
are plotted.

The specific scanner employed in this study offers several advantages. Being open,
it allows a considerable range of motion. Moreover, the possibility to scan the person in
vertical position allows for the analysis of the articulation under the action of the weight
and the muscles, thus resulting in a more physiological loading condition.

The 2D /3D registration algorithm shows a rotational and positional accuracy below 2°
and 1.5 mm, where the latter is in the order of magnitude of twice the in-plane dimension
of the DMRI voxel for this study. The registration accuracy is reasonably limited by the
low intensity of the magnetic field of the employed scanner. It has, indeed, been shown
that motion tracking through DMRI is proportional both to the strength of the magnetic
field and to the velocity of the tracked object [18]. Other studies investigating the knee
through DMRI achieved higher accuracy using higher intensities [15]. Nevertheless, the
achieved accuracy is still enough to allow for the characterization of the physiological
and pathological knee kinematics, while the low intensity of the magnetic field makes
the analysis practically non-invasive and compatible, to some extent, with measures on
patients with articular prostheses or other small medical devices. The registration algorithm
proposed here is general and, thus, extendable to other DMR scanners, reasonably resulting
in a higher accuracy.

The registration approach proved to be almost insensitive to the initial pose provided
by the operator. In the few cases in which the algorithm did not converge on the refer-
ence motion, the results were evidently wrong and not physiological, thus allowing the
easy identification of possible errors. Finally, the experimental procedure shows a good
repeatability, allowing longitudinal investigations.

The reconstructed knee kinematics agree well with previous measurements [19,20].
In particular, the tibia internal rotation and the femur roll back associated with flexion
are easily observable for all the volunteers. The comparison between dynamic and static
evaluation of knee kinematics shows differences smaller than what was reported in the
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References

literature [7]. It is worth noting that static scans were collected in weight-bearing conditions
and that dynamic scans were recorded at slow speed, possibly reducing the differences,
although part of them could be ascribed to the different measuring conditions. In general,
however, it is possible to observe a reduction in the maximum flexion reached during
dynamic measurements, which is possibly associated with adduction of the pelvis during
static scans. It is worth noting that the maximum flexion value was dictated by the possible
stroke of the hydraulic piston in the rig, which was kept above a safety value for this
investigation. Future tests will extend the maximum achievable flexion.

The clinical application of DMRI could provide complementary information to what
is obtainable with traditional MRI. The latter provides very accurate yet static images of
the joint structures; on the other side, DMRI allows for the observation of the interaction of
the elements that participate in an articulation during its function, providing a new level
of knowledge. For example, laxity tests could be performed in DMRI, making it possible
to directly observe the load response of injured ligaments. In general, a quantification of
the relative bone motion makes it possible to find the measure of quantities not directly
observable in-vivo. For example, the amplitude and location of articular contact areas
during knee flexion can be reconstructed from the tibio-femoral kinematics, providing
data that may help to better understand the etiology and development of pathologies such
as osteoarthritis.

Aside from the direct clinical applications, this procedure for the in-vivo quantification
of knee joint kinematics has very interesting biomechanical applications. Indeed, the
possibility to measure the individual joint kinematics non-invasively and in-vivo will help
in the definition and validation of patient-specific joint and musculoskeletal models [21-25].

The work has limitations. Acquisitions on the two DMRI planes used for 2D /3D
registration were performed in a series. It is thus possible that the two acquired motions
differ, introducing some errors in the reconstructed motion. The same kind of approxima-
tion is, however, done with traditional cine-MRI, where a cyclic motion is reconstructed
from successive scans taken at different times in subsequent cycles. Only three knees
were analyzed in this investigation. A wider study will establish the performance of the
proposed procedure.

Future work will test the presented algorithm on data from a 1.5 T MR scanner. Other
anatomical compartments will be also investigated.
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Abstract: The decade from 2010-2020 has seen the development of cone beam weight-bearing CT
(WBCT) as a major innovation in the foot and ankle realm, becoming an important modality for bone
and joint imaging. The ability to provide three-dimensional images of the naturally loaded skeleton
has enabled several subsequent innovations to arise with aims to hasten image processing and to
extend the clinical applications of WBCT. The objective of this work was to identify, categorize and
explain those emerging techniques. We performed a structured review of the literature according to
PRISMA standards, finally including 50 studies. We subsequently proposed a classification of these
techniques. Segmentation and distance mapping were identified as key features. We conclude that
although WBCT has already been adopted in a number of clinical communities with an immediate
improvement in patient workflows, adoption of advanced techniques is yet to come. However, that
relies mostly not on the technology itself, but on improvements in Al software allowing practitioners
to quickly process images in daily practice and enabling the clinicians to obtain an accurate three-
dimensional evaluation of the segment considered. Standardization will be paramount to amass large
amounts of comparable data, which will fuel further innovations in a potentially virtuous circle.

Keywords: cone beam CT; weight-bearing CT; distance mapping; coverage maps; automatic
segmentation; 3D biometrics; systematic review

1. Introduction

Among computed tomography (CT) techniques, cone beam CT (CBCT) provides three-
plane tomography, radiography and 3D reconstructions in a single high-speed, versatile
package which can image the entire human skeleton. As an identified technique, it was
first published in the journal European Radiology in 1998 for use in the dental arena,
following the works of a team led by P. Mozzo from the Department of Medical Physics
at the University of Verona, Italy [1]. The dental field has since then become one of the
most important uses of the technology, but it was not the first citation of cone beam
in the literature, which dates back to 1979 [2], nor the first clinical application, which
was in the vascular domain due to its ability to visualize highly contrasted material [3].
The technology is inspired by the mathematical concepts initiated by Hounsfield for parallel
fan beam or multi-detector CT (MDCT) [4] using the Fournier and Radon transforms to
produce spatially referenced slices of the anatomy. Later, in 1984, Feldkamp [5] described an
algorithm based on convolution and back-projection designed to help with reconstruction
of acquisitions with incomplete rotations, triggering the possibility of more practical and
flexible gantry systems.
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In orthopedics, the research around CBCT was initiated by Bab et al. [6] in 2001, for
whom intended clinical uses were to be in orthopedic and chest applications. The first
dedicated use in orthopedics was described in 2011 by Zbijewski et al. [7]. The first mention
of a dedicated extremity CBCT device was by Mubhit et al. in 2012 [8], and the first mention
of weight-bearing CBCT (WBCT) in the lower limbs was in 2013 by Tuominen et al. [9].
The first mention of WBCT in the foot and ankle concerned the pes planovalgus [10], but
that was simulated weight-bearing. The first publications on the use of true (i.e., under body
weight) WBCT in the foot and ankle were in 2013 by Collan et al. [11] on the biomechanics
of the first ray, followed by Richter in 2014 on the superiority of 3D WBCT measurements
as compared to 2D or non-weight-bearing WBCT [12].

A quick look at the literature suggests that WBCT would allow clinicians to optimize
acquisition speed, therefore reducing operating costs, with a smaller footprint compared to
traditional two-dimensional radiography (2DXR) plus three-dimensional non weight-bearing
fan beam MDCT in diverse areas [7,8,13-34]. This would enable clinicians to obtain marked
improvements in the operative workflow [32,35]. Besides advantages for the clinicians,
immediate advantages for patients are also huge time gains in their care pathway [32], more
accurate diagnoses (i.e., increased chances of detecting injuries commonly missed through
standard imaging) [12,30] and lower radiation doses [32,36,37] (Figure 1).

o e HRise

Figure 1. Example of a WBCT device with flexible gantry and ability to acquire the whole lower limb and
the upper limb up to the elbow, including (HiRise™, image courtesy of CurvebeamAlI, Hatfield, PA, USA).

However, it also seems that the advantages of CBCT are somewhat overshadowed
by the weight-bearing side of the equation, since not many authors have focused on non-
weight-bearing cone beam imaging so far [29,30,32,38]. Indeed, it is in the foot and ankle
field that the industry has chosen to chase initial prospects, likely because this is where
3D combined with weight-bearing have shown the most evident improvements over the
conventional 2DXR-MDCT sequence. In turn, this was due to the complex anatomy of the
foot, including 28 bones with a variety of shapes and sizes, making it hard to correctly assess
without 3D or without bearing weight [12]. A large body of literature preceding the WBCT
period has already insisted on the importance of weight-bearing while imaging the foot and
ankle, using custom devices to simulate weight-bearing with conventional prone MDCT
protocols [10]. The advent of WBCT has since been seen as a step forward for clinicians and
researchers specializing in the feet and ankles from the fields of orthopedics, biomechanics
and engineering, soon reaching out to scientific societies and computer scientists [15], while
new software companies have emerged to capitalize on the possibilities offered by WBCT.
The vast majority of the innovations reported in this review are issued from a collaboration
between the main stakeholders (WBCT manufacturers, clinicians and engineers) to solve
problems regarding musculoskeletal pathology, for the ultimate benefit of patients. They
are the result of the development of post-processing visualization (qualitative assessment)
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or measurement (quantitative assessment) software to make the best use of the available
naturally 3D weight-bearing datasets.

In 2016, the International WBCT Study Group was formed on the initiative of pioneer-
ing researchers and officially institutionalized as an independent international non-profit
scientific association based in Ghent, Belgium in 2017 and re-named the International
WBCT Society (https:/ /www.wbctsociety.org, accessed on 5 January 2024). It has since
then, amongst other activities, been closely monitoring all relevant scientific publications
on the subject, which has since seen an exponential growth. The object of the present review
is to report, classify and explain the most recent innovations brought about by WBCT in
the foot and ankle field, with a critical discussion of the evidence provided so far in terms
of advantages, limitations and future areas of development.

2. Materials and Methods

This is a systematic review of the recent innovations brought by WBCT to the foot
and ankle field. In order to specify the scope of the review, we defined ‘recent’ as after
2012, the year Mubhit et al. [8] published the first paper on a dedicated extremity CBCT
device. We defined innovative techniques as techniques which could not be performed
using the conventional 2DXR-MDCT sequence (i.e., absence of concomitant 3D and natural
weight-bearing). This would, in theory, include conventional measurements historically
performed on weight-bearing 2DXR, performed on 3D WBCT datasets, for instance the
first to second intermetatarsal angle [39] in the forefoot, or the Saltzman angle [14] in the
hindfoot. In fact, most WBCT devices have the ability to produce digitally reconstructed
radiographs (DRR) [40] to help with the user’s learning curve in transitioning from the
2D to the 3D environment. This is possible because WBCT produces a digital clone of
the patient’s foot and ankle structure, which can in turn be virtually radiographed from
multiple angles (Figure 2).

Classical measurements can therefore be performed in a standard way. However, this
technique inevitably produces the same biases as conventional 2DXR. Otherwise, classical
angles can be measured within the 3D dataset, using multiplanar reconstruction (MPR) views.
In this case, a particular slice or slab must be chosen in order to perform the measurement,
which requires multiple iterative changes in the orientation of the MPR, because the points
which define the angles of interest are not necessarily on the same plane. For instance, the
tibia longitudinal axis, the center of the ankle joint and the lowest weight-bearing point of the
calcaneus do not belong to a single vertical plane. For the corresponding angle to be measured
manually, a slice has to be found by tuning the orientation of the MPR dataset, but again, it
is often not possible to find a slice which includes all three points. Another possibility is to
select one segment of the angle (the tibia axis) on one plane and compare it to the other side
(the calcaneal axis) using the available software, but measuring a single angle from different
slices is not always an available function. A third method consists of manually recording
3D coordinates for the points of interest (in the present example, the tibia extremity and the
center of the ankle joint’s lowest calcaneal point) and calculating the angle using standard
trigonometry. Whatever the solution or combination of solutions, this method is always
time-consuming [41] and introduces a new kind of bias, which we may call ‘slice’ or ‘slab’
bias, materializing as we must choose a particular slice from which to take the measurements,
based on surface landmarks which may vary, being dependent on the operator’s habits or
knowledge of the anatomy. Although these methods were and are still necessary to perform
and describe throughout the process of standardization of measurement methods in WBCT
research [15], they inevitably present practical disadvantages which prevent inclusion in the
advanced methods review, for we aimed to describe here methods which actually improve
the clinical workflow, not slow it down. Hence, articles describing such methods were not
included for retrieval.
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Figure 2. Example of a WBCT digital clone with skin rendering (a), digitally reconstructed dorsal-
plantar radiograph (b) and saggital MPR view (c).
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The PubMed database was used to identify relevant scientific references for the study.
We included initially all references regarding CBCT and weight-bearing or WBCT, using
the following key words: weightbearing, weight-bearing, standing, extremity, cone beam,
CT, computed tomography, multiplanar, foot, ankle, ankle, ankle joint, ankle, joint, ankle
joint, ankle. Filters were used to exclude references without an abstract or which were not
available in English, French or German. Screening was then performed by two independent
reviewers (FL and AB, both senior orthopedic foot and ankle consultants) at different places
and times. No automated tool was used for this research. In cases of disagreement between
the reviewers, inclusion or exclusion of the concerned references was resolved through
discussion, and inclusion was retained only upon agreement by the two reviewers. Articles
of interest were then retrieved for analysis.

Since this study describes innovative methods and does not report or meta-analyze numer-
ical data from patients such as demographic or clinical data, no statistical method was applied.
A review of the study protocol by our institutional review board was not deemed applicable.

3. Results
3.1. Pre-Screening

A total of 212 studies were initially identified. Five references were excluded at this
stage due to returning results clearly outside of the scope of the study such as equine
standing CT. At the end of the selection process, 50 studies were included as reported
in the dedicated PRISMA-compliant (Preferred Reporting Items for Systematic Reviews
and Meta-Analysis) flow chart [42] (Figure 3). The median and mean sample size were
31 and 59 cases, respectively (range from 1 to 500 cases).

[ Identification of lies via datab and registers ]

]

Records removed before

screening:

Records identified from Pubmed: > Records removed for other
(n=212) reasons (n =5 (3 equine + 2

anomalies due to title

wording))

Identification
Y

[

|

Records screened Records excluded

(n =207) (n =49) (prior 2012, dose studies,
reviews, simulated WB or no

l WB, surgical evaluation)

Reports sought for retrieval Reports not retrieved
(n f1 58) 3 »| (n = 78) (classification work, new

knowledge but not new
l technique, description of normal

or pathological anatomy,
correlation of multi-level
deformities)

Screening

Reports assessed for eligibility
(n =80)

Reports excluded:28
Reason 1 (n = 8): knee
Reason 2 (n=7):2D
measurement with slice
choice or other manual

— method

Reason 3 (n = 5) clinical

measurement or

Studies included in review classification study

(n=50) Reason 4 (n=9) pre-

processing

Included

Figure 3. PRISMA type flow chart: all excluded studies were excluded by human intervention. No
automated tool was used.
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3.2. Screening

A total of 207 references were screened. Forty-nine studies were excluded based on
the following criteria:
Studies prior to 2012
Studies of radiation dosage
Simulated weight-bearing or absence thereof
Use of WBCT for evaluation of surgical results without innovative methods

A total of 158 references were sought for retrieval. Seventy-eight further references
were excluded based on the following criteria:
° WBCT classifications
° New knowledge but absence of an innovative technique
e Description of normal or pathological anatomy
° Multi-level biomechanical investigation

A total of 80 references were assessed for eligibility. A further 28 references were
excluded based on the following criteria:

e  Innovative WBCT techniques; study concerning the knee (8 studies)

° Two-dimensional method performed within 3D volume (7 studies)

e  Clinical measurement or classification study (5 studies)

e  Pre-processing techniques (9 studies)

3.3. Organization of the WBCT Workflow: Proposal for a Classification of Recent Innovations

A critical analysis of the 50 studies included enabled the authors to classify recent
innovative techniques brought about by WBCT in the foot and ankle into categories. These
categories are based on the nature of the innovations and on their positioning within the
patient or image processing workflows. Some of these are identified in italic fonts below as
hypotheses from the authors, based on the literature that was excluded from this specific
work because it did not directly apply to our object, but which could in theory be applied
to the foot and ankle field. For clarity, we included these in the classification, as well as
pre-processing techniques in the initial exhaustive screening of the literature summarized
and referenced hereunder.

e Techniques for image acquisition
o Dynamic/augmented stress techniques
= Ankle instability
e Shod auto-varus [43]
o Angled jigs/wedges [43]
= Syndesmotic instability
e Torque stress
s Coleman block test [19]
o Static techniques
= Combination with pedography [44]
e Computerized techniques for image processing
o Pre-processing (processing of the raw data before image rendering)

»  Metal artifact reduction
»  Movement Artifact reduction

o Post-processing
» 3D biometric techniques without segmentation

e Manual
o Linear HU assessment of joint space width [25]
o Middle subtalar facet uncoverage [45]
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e Automatic/semi-automatic:
o  Foot—ankle offset [19,44,46—48]

» 3D biometric techniques with segmentation (manual, semi-auto or auto)

e Segmentation techniques
o Statistical shape modelling (SSM) [49]
o  Mimics (materialization) [27,50,51]
o CurvebeamAl [52]
o Disior/Paragon [16,21,26,53-56]

Advanced techniques issued from segmentation (semi-automatic or fully
automatic)

3D bone absolute and relative relationships reporting [16,21,22,26,52-64]
3D Joint space width (3D-JSW) mapping: distance mapping [65-69]
Coverage mapping [70]
Surface measurements
= Syndesmosis [17]
= Lisfranc [71]
o Volumetric measurements
= Syndesmosis [49,72-74]
s Lisfranc [71]
o  Center of rotation assessment [75]

[e]

(o)

o

e Advanced clinical applications derived from computerized techniques

o Customized/patient specific surgical jigs [76]
= Supra malleolar osteotomy [18]
»  Total ankle replacement [77]

Robotic surgical protocols
Personalized risk assessment [47]

Following this exhaustive screening of the literature, the authors proposed a systematic
classification of the WBCT computerized workflow to illustrate the role of each advanced
technique associated with its development (Figure 4).

Techniques for image acquisition
a. Dynamic/augmented stress techniques
b. Static techniques
Advanced computerized techniques for WBCT image processing
a. Pre-processing
b. Post-processing
i. Pre-segmentation
1. Reconstruction
2. Manual Measurements
3. Semi-automatic 3D biometrics
ii. Segmentation
1. Algorithmic
2. Al
iii. Post-Segmentation
1. Quantitative measurements
a.

1L

Absolute and relative 3D bone measurements reporting
b. Volumetric measurements
2. Quantitative visualization
a. Distance mapping
b. Coverage mapping
Advanced clinical applications derived from computerized techniques
a. Customized/patient-specific surgical jigs

IIL

Figure 4. Proposed simplified classification of WBCT advanced technique workflow.

57



Appl. Sci. 2024, 14, 5562

4. Discussion

The present systematic review found that recent innovations reported in WBCT liter-
ature are mostly post-segmentation techniques. The most reported tools aim to provide
quantitative 3D bone positions, followed by visualization tools, the most frequently re-
ported being joint space mapping or equivalents. Segmentation is not in itself an innovation,
nor is it a clinically applicable method, but its implementation is an indispensable step in
the development of innovations bearing the fruits of WBCT dissemination.

4.1. Limits

We acknowledge several limits in the present work. Firstly, the quality of a literature
review is only scientifically as good as the quality of reviewed research, which is valid for
every ‘secondary’ study. The level of evidence considered here being mostly level III (with the
exception of a single level II study [41]), with level IV and V studies as well, our systematic
review can be considered level V. However, given the research available on recent innovations
in WBCT concerning imaging, most investigations can be performed ex vivo, rendering level
II'and level I research mostly superfluous. Furthermore, being at the diagnostic level for most
(with the exception of patient-specific applications), the impact on treatment outcomes is
still very difficult to assess, being a multifactorial problem with implications that spread out
through a timescale that far exceeds the development of innovations that we chose to define
as recent. Secondly, not all available research databases were assessed, as we limited the scope
of this review to the records found on a single scientific database (PubMed). However, this
method was chosen after a preliminary search of the most used other databases (Embase,
Cochrane, Scopus, Web of Science) which did not lead to find any additional reference related
to the development of WBCT. Thirdly, our classification of advanced techniques could be
deemed arbitrary. However, we would like to emphasize that, to the best of our knowledge,
no author so far has proposed any specific classification system in this area, so the present
is intended as a proposal for a flexible benchmark to work from, not the immutable ground
truth. The authors would be happy to revise or replace the proposed classification as progress
is made, new methods arise and the technical landscape evolves in the future. Finally, we
have only considered the foot and ankle field in the present work, but we fully acknowledge
that WBCT devices already encompass the knee [20,65,78], with devices already available to
image the pelvis and the upper limbs. There is no doubt that soon, devices able to image the
full weight-bearing skeleton will be available. In this context, there is no doubt that, pending
necessary adaptations locally, the recent innovations reported here will be disseminated to
other joints, including the spine and the shoulders. One well-reported example is distance or
3D-JSW mapping, which has been reported on in the knees as well as the feet and ankles and
should in the future become the gold standard for the evaluation of degenerative joint disease.

4.2. Literature Analysis

In light of the present systematic review, the most important fact to report is that
segmentation is key to enabling the development of innovative techniques from WBCT
datasets. Moreover, if these innovations are to be translated into clinically applicable solutions,
it is paramount for fast and reproducible automatic segmentation methods to be available so
that interpretation times remain possible within the clinical workflow. Furthermore, the push
towards standardization of segmentation and measurement methods [15,60] initiated by
scientific societies such as the International WBCT Society, the Orthopedic Research Society
and the International Society of Biomechanics is of utmost importance if a disseminated
acceptance of these innovative techniques and clinical solutions is to be achieved.

4.2.1. Description of Techniques for Image Acquisition

Within the WBCT workflow, techniques for image acquisition are used to dynamically
position the patient under physiological load during acquisition to improve detection of
designated pathologies. The most investigated one, syndesmotic instability [17,79,80],
has cadaveric and clinical studies showing that, due to the configuration of the distal
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tibiofibular joint and the injury mechanism, external torque potentializes the diagnostic
capabilities of WBCT. Without this stress test and if no post-processing is applied, WBCT
does not appear to be superior to MDCT in diagnostic terms, although it already is in terms
of radiation and time spent in the workflow. This occurs only if manual, one-dimensional
measurements are taken. However, post-processing techniques such as distance mapping
of the syndesmosis and surface or volumetric measurements described below have re-
established this superiority.

The Coleman block test Is reported In a level IV study Investigating hindfoot alignment in
cavovarus feet using clinical examination, radiographic views assessing the hindfoot angle and
WBCT assessment of the foot-ankle offset [19], showing correlation between the 3 modalities.

In another level V report [43], the use of shod auto-varus is reported in the diagnosis
of lateral ankle instability and suggests the use of standardized jigs to induce a normalized
amount of varus or valgus depending on the target diagnosis (Figure 5).

Figure 5. Example of a coronal plane MPR (multiplanar reconstruction) view following shod auto-
varus in a case of lateral ankle instability with laxity.

Techniques for image acquisition also included static methods for acquiring more
data. In a level III study, Richter et al. used a built-in pedography sensor [44] to assess the
position of the center of pressure and compared it to the result of the foot-ankle offset (as
anatomical foot center) in 90 patients (180 feet). They found an average distance between
the two centers at 28.7 mm, being the anatomical foot center distal to the center of pressure
in 175 feet and lateral to it in 112 feet. No significant medio-lateral differences were found.
It could be anticipated that more sensors investigating weight or bone density could be
used in the future to increase semeiology during WBCT acquisition. This could be useful in
assessing bone health or pressure points in diabetic patients, for example, or more simply
to standardize positioning of patients within the WBCT machine during acquisition. This
issue has been taken into account by the industry, using specific gentry to standardize
positioning, especially in the knee, but the reproducibility seems to remain questionable, as
has been reported recently by a group of radiology researchers [15].
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4.2.2. Description of Advanced Computerized Techniques for Image Processing
Pre-Processing

Pre-processing techniques involve the raw file that contains the patient dataset before
it is processed to obtain interpretable multiplanar images. WBCT is a computerized
tomography technique, meaning that the raw file is treated like a 3D stack of 2D slices.
Unlike MDCT, in which it is the case because the acquisition requires ‘slicing” up the
anatomy with a ‘flat’, 0.5-0.8 mm-thick fan-shaped X-ray beam, WBCT acquisition results
in a single raw file considered isotropic (the image definition is the same in all dimensions
of space), due to the cone-shaped beam. Pre-processing has the single raw file as input and
outputs a stack of 2D 0.2-0.4 mm slices in the form of DICOM files.

Other examples of pre-processing steps are metal artifact and movement reduction
algorithms. They are based on highly specialized mathematical algorithms with the aim of
improving the general quality of images and thus diagnostics.

Post-Processing

1.  Pre-Segmentation
2. Reconstruction

The initial post-processing is performed by the WBCT device manufacturer’s software
(https:/ /curvebeamai.com/products/cubevue-software /download-cubevue/, accessed on
5 January 2024) to obtain interpretable multiplanar images, usually presented in multiplanar
reconstruction format, with three viewing windows corresponding to the three planes of
space (two vertical planes, coronal and sagittal; and one horizontal, axial plane) sometimes
including a fourth window with a 3D volume rendering view (Figure 6).

Combined 3D/MPR |30 | MPR | Insta X

Figure 6. Example of a full MPR rendering with coronal, sagittal and axial views and a 3D fourth window.
After this process, advanced post-processing techniques are subsequently applied to

provide recent innovations.

3. Manual Measurements

At this stage, classical measurements can be made manually, despite, as described
earlier, inducing ‘slice bias’. Innovative solutions for manual measurements include the
measurement of middle facet uncoverage in progressive collapsing foot deformities and
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the measurement of joint space width in ankle osteoarthritis using variations in contrast
(measured in Hounsfield units (Hus)) [25,45].

4.  Semi-Automatic 3D Biometrics

The most reported post-processing, pre-segmentation semi-automatic tool is Cubeview
Talas® (Curvebeam Al, Hatfield, PA, USA), which automatically gives the foot-ankle offset
(FAO), a 3D biometric hindfoot alignment measurement, after manual identification of four
anatomical landmarks: the weight-bearing points of M1 and M5, the calcaneus bones and
the center of the ankle joint. Its result is given as a percentage offset of the foot length, which
corresponds to the coronal offset between the center of the ankle joint and the bisector of
the forefoot passing through the calcaneus weight-bearing point (Figure 7).

Met1
5350 1390|4874
Met5
3430|2700 4872
(Calcaneus

s120] 7270|5000

[Talus
542.0 636.7 282.0

Foot: RIGHT
FA.Q. [%]: 8.23
C.0. [mm]: 19.04

HA. [’ 32.55

Rotate Z 180
New |Save to D | Export D: |Import Pathologi
Note:
Strictly follow the point dlick sequence in MPR imagery to assure proper foot laterality detection!
The graph depicts y in radiology view ori i

Figure 7. Example of a foot-ankle offset (FAO) measurement report using Talas® system (CurvebeamAl,
Hatfield, PA, USA). FAO is a 3D biometric hindfoot alignment measurement which is calculated as a
percentage after manual identification of four anatomical landmarks (the weight-bearing points of the first
metatarsal (M1) and fifth metatarsal (M5), the calcaneus bones (C) and the center of the ankle joint (T)).

The FAO has proven to be an effective hindfoot alignment measurement [48], and from
it originated the concept of 3D biometrics, in which a minimum of four points are required
to obtain volumetric (3D) rather than surface, angular or linear measurements. Its intra- and
interobserver reliability is improved compared to conventional 2D measurements [47,48]
by levels nearing 100%, and its correlation with pathologies such as chronic lateral ankle
instability [47] and PCFD has proven excellent. This is thought to be because the FAO takes into
account the torsional effect of the forefoot on the hindfoot, unlike traditional measurements
which only look at the alignment of the tibia versus the hindfoot. It may therefore be more
sensitive in its ability to correlate with specific multidimensional pathologies like predicting the
need for realignment osteotomies in total ankle replacement [81] or the risk of periprosthetic
cysts [82]. However, it remains a measurement of hindfoot alignment and does not assess
sub-level type deformities: it is not a diagnostic tool. Other techniques based on the traditional
2DXR-MDCT literature remain for now the only tools to allow for this [14,83].
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5. Segmentation

We identified automatic segmentation techniques as the basis of other recent inno-
vations [84,85]. It appears indispensable because the time required to perform manual
segmentation is too much for clinical applications, confining potential innovations to the
research area. The important word in ‘automatic segmentation” is therefore ‘segmentation’,
but this also turns out to be the most complicated to achieve.

Segmentation is the process by which individual bones are outlined and labelled.
When segmentation is carried out manually, every single bone (28 in a single foot) must
be manually outlined on every slice (up to 1000 per dataset), which amounts to 28,000 op-
erations per foot, or 46,000 per bilateral scan. In practice, it generally takes 30 min to
segment the hindfoot bones and 2 h to segment the whole foot and ankle [86]. It is therefore
paramount that fast and reproducible automatic segmentation software become widely
available. In that case, studies report that the same process can take a little as a few
seconds [53]. The present review found four reported techniques or software solutions.
These initially used automatic contouring based on contrast definition, evolving to more
advanced techniques, ultimately aided by proprietary solutions. The two most reported in
the literature are Bonelogics® (Disior Oy, then Paragon28) and Cubeview® (Curveabeam
AI). Although much of their inner work remains undisclosed, the industry advertises that
they rely on a combination of algorithms and artificial intelligence (AI) (i.e., to automatically
identify bones, to reproduce surgical procedures such as osteotomies or arthroplasties and
to run automatic measurements in order to anticipate which gestures are needed to obtain
the desired alignment). Throughout the process, it is reported that some of the reasons
for the failure of the automatic segmentation are the presence of metalwork; poor bone
quality or the presence of arthritic joints leading to areas of contact between bones; and
the misinterpretation of two touching bones as a single structure [52]. One important step
in the segmentation process is the smoothing of bone contours. This is the equivalent of
noise reduction in digital photography: smoothing reduces the risk of two touching bones
being misinterpreted as a single one but results in a (marginal) reduction of the quantity of
data. The Al training process helps in dealing with the aforementioned contouring issues
as well as learning to correctly label the bones. It makes more sense from a practical and
industrial standpoint to build a system that can label the anatomy and then produce all
relevant measurements, rather than build multiple systems to perform each measurement.
It transpires that large amounts of data are necessary to efficiently train these Ais, which
will need to be scientifically evaluated by independent entities on a regular basis until
satisfactory performance is reached. There is unequivocal agreement on this amongst
authors and stakeholders [15,52,53].

Post-Segmentation

Once segmentation is achieved, a digital clone of the foot and ankle is created with all
bones correctly labelled. Therefore, any measurement may be performed automatically,
since all the spatial coordinates of all the voxels (the 3D equivalent of 2D pixels) are known,
with all of them having been grouped into separated voxel clouds corresponding to the
individual bones. Using these data and stepping up from classical measurements, new tools
have been reported on in the literature to improve visualization and our comprehension of
pathological processes. We present these below:

1.  Absolute and Relative 3D Bone Measurement Reporting

Theoretically, an infinite number of measurements are possible, hence the diversity of
measurements described in this area of the literature [16,21,22,26,52—-64]. In more practical
terms, considering there are on average 28 bones in the foot and ankle, each with a center
of mass that has three spatial coordinates and three inertial vectors each, with each having
three spatial coordinates, each bone may be described by a set of 12 “absolute’ coordinates,
which are calculated within the WBCT frame of reference (Figure 8).
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1st- 2nd Intermetatarsal Angle (Axial) 12.78°

ANALYSES
Measurement Result
1st - 2nd Intermetatarsal Angle (Axial) 12.78°
1st - 2nd Intermetatarsal Angle (Sagittal) 5:27°
1st - 5th Intermetatarsal Angle (Axial) 24.17°
1st - 5th Intermetatarsal Angle (Sagittal) -10.63°
(b)

Figure 8. Example of a foot automatic measurement report (Disior OY /Paragon 28, Denver, CO, USA);
(a) example of M1-M2 angle illustration; (b) example of forefoot measurement automated report.

This frame is referenced by the floor plane for the two vertical (sagittal and coronal)
planes. There is no consensus on how to set the rotation in the axial plane, but the most
commonly used is traditionally the second metatarsal or the bisector of the forefoot in 3D
biometrics papers [48]. However, the possibility of relative measurements is remote, as any
of the 12 absolute coordinates in each of the 28 bones can be described relative to any of
the 12 absolute coordinates of the 27 other bones, which equates to 12?7 possibilities. This
huge number explains why there has always been a quest to discover new measurements
in the realm of musculoskeletal research. Things were easier with 2D radiography, which
results in dimensional reduction, thus reducing the possible number of measurements,
albeit with a non-negligible loss of information. After the introduction of WBCT, a need has
arisen to find and promote a standardized methodology for describing bone orientations
in space, which is among the tasks of the International WBCT society mentioned above.
However, the industry has anticipated this and is already proposing different off-the-shelf
software solutions to provide systematic reporting of bone and joint angles, based on the
historical literature, including such widely used angles as the M1-M2 angle for hallux
valgus assessment, or the hindfoot alignment angle for deformity assessment. However,
even these may be defined differently depending on the software provider, hence the
importance and urgency of an international consensus on this matter so that reports may
be comparable across all software platforms. There are many reasons for these differences,
not the least being the absence of consensus in the existing literature. Other reasons pertain
to computerized techniques used to obtain absolute measurements [60].

The 3 main techniques reported are as follows [87].

1—Principal component analysis (PCA) determines the center of mass and the three
principal components or inertial axes of the bones through averaging the relative contribu-
tions of each spatial dimension, a rather common mathematical tool, but still complex to the
layperson. Its advantage is that it can easily be made fully automatic. Its disadvantage is
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that it provides slightly different results depending on the volumetric shape of considered
bones, which can be otherwise interpreted as increased variability in measuring anatomical
axes depending on surface landmarks.

2—Statistical shape modelling averages a large number of real-life examples from pre-
existing datasets of bones to create a library to which a given bone may then be compared.
Once the bone has been recognized, its orientation can be derived from that of the library
example. This technique is usually part of the segmentation process itself. Its disadvantages
are that it depends on the existence of a large enough patient dataset library and it cannot
consider a situation which is not already known within the library.

3—Fitting of geometric primitives averages the different parts of bones by fitting the
closest 3D geometrical figure. For example, a long bone diaphysis may be approximated
to a cylinder and its base and head to a truncated cone and a barrel shape, respectively.
The orientation of the bone is then derived from the known geometry of the fitted primitives.
The main disadvantage is that, unlike with a long bone such as a metatarsal, it is more difficult
to apply this method to bones with a more complex shape such as the talus or calcaneus.

Depending on the proprietary mix of technologies used to obtain the 3D orientation of
each bone, software can provide an automated report of chosen measurements, usually a set
of basic metrics (such as the M1-M2 angle, sesamoid rotation angle (SRA) for the forefoot,
sagittal and axial talus-M1 angle and hindfoot alignment angle or foot-ankle offset) and a
customized set of measurements chosen by the user. Reports in the literature regarding the
usefulness and efficiency of these systems agree on their celerity, resulting in important
time gains compared to measurements by hand [52,53]. However, they also report that
they differ from the latter, raising the question of which is the gold standard [53]. They
also report a relevant number of failures or aberrant measurements, which are thought
to be due to cases of low bone density, where the density of soft tissues is close to that of
the bone, which can ‘blur’ the picture for the software, or the presence of metalwork or
traumatic sequala, which are in any case unusual situations which can be misinterpreted by
the software. Another explanation may be insufficient training when deep learning-based
Ais are used. However, there is generally positive feedback regarding these new generation
tools, with good reliability and excellent reproducibility [52,53,55,56,88].

2. Distance Mapping or 3D-JSW, surface and volume measurements

This is the advanced computerized method which has been the most reported on in
the literature, to the best of our knowledge. This tool is based on analyzing the surface-
to-surface distance map within any given weight-bearing joint. The sum of all these
point-by-point distances adds up to a 3D joint space width map, which explains why it
has been dubbed ‘distance mapping’ [66,67,69], ‘3D joint space width’ [65,68,89,90] or a
mix of both in the literature. Originally developed as way to visualize regions of bony
approximation, authors presented ways to also use it as a quantification tool for such
conditions as PCFD or cavovarus deformity, by averaging the distances in reproducible in
pre-defined anatomical quadrants within the joints of interest (Figure 9).

Other than classical usage of this tool to quantify the evolution of osteoarthritic joints,
authors have reported its ability to detect minute or more specific changes in the onset of
hindfoot deformity, in PCFD [66] or cavovarus [67] configurations. This may lead in the
future to early detection and preventive intervention in a wide range of foot and ankle
pathologies. It is important to take into account that this technique does not enable the
visualization of cartilage itself, but only the space in which the cartilage is to be found.
It will therefore correctly depict an absence of cartilage, but not an area where cartilage
is augmented, and an area where the joint is distracted may incorrectly be considered
as cartilage augmentation. However, weight-bearing capacity largely eliminates these
downsides, which in any event are also true of conventional 2DXR, while the analysis is
not possible at all with conventional non-weight-bearing MDCT.
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(b)

Figure 9. Distance mapping or 3D joint space width assessment (curtesy of Pr Sorin Siegler, Drexel
University, Philadelphia, PA, USA); (a) example of quadrants in the talonavicular, tibiotalar and
subtalar joints; (b) example of color-coded 3D distance map in the mid-tarsal joints.

3.  Coverage Mapping

Coverage mapping has been investigated mostly in PCFD, to evaluate peritalar sub-
luxation. Peritalar subluxation is thought to be the onset of PCFD pathology, while being
extremely difficult to define and describe. Sangeorzean at al. [91,92] described it with the
production of images showing overlap of the posterior subtalar facet and de Cesar Netto
et al. have since then produced similar findings in the subtalar posterior and middle facets
and reported a clinically significant correlation of coverage maps with patient reported out-
come measures [70,93]. The technique involves digital reconstruction of the articular facets’
borders. This concept in itself may be subject to variability depending on the computerized
algorithm used because choices have to be made regarding multiple settings, such as where
to define the limit between cartilage and bone when the cartilage cannot be seen. However,
it is definitely a step forward in terms of diagnosis, which highlights again the importance
of the standardization work [23] initiated by the international WBCT society.

4.  Surface and Volumetric Measurements

As WBCT rose in the mid-2010s, it became apparent that traditional 2D measurements
were not fit for the 3D environment, generating, as mentioned above, a new kind of so-called
‘slice” bias. Also, performing a 2D measurement in a 3D environment is equivalent to a dimen-
sional reduction, thus reducing the quantity of information available. New solutions had to be
found, therefore, to make the best of the new technology. The syndesmotic distal tibiofibular
joint is the best example of this evolution. In that case, single-dimensional measurements
(distances like the medial clear space or angles) have often fallen short of demonstrating
reliable diagnostic capabilities and must often be complemented by other modalities such
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as MRI [94]. Similarly to how the foot-ankle offset describes the use of four landmarks to
redefine hindfoot alignment as a volume, authors have described first surface, then volumetric
evaluation of the clear space between the distal tibia and fibula to assess syndesmotic insta-
bility [72-74,95,96]. The latter has offered unequaled diagnostic power, confirming that the
3D environment contains more diagnostic information which should be investigated where
possible (i.e., when segmentation has been applied) using 3D measurements [97].

5.  Centre of Rotation Assessment.

In a paper in Scientific Reports, Pena-Fernandez, Goldberg et al. used a method called
digital volume correlation (DVC) to identify the center of rotation of the subtalar joint
in a series of healthy volunteers. The subjects were placed in a PedCAT bilateral WBCT
device (CurvebeamAl, Hatfield, PA, USA) and asked to perform inversion and eversion
of their subtalar joints. The authors report that the center of rotation of the subtalar joint
was consistently found in the middle of the subtalar joint [75]. The principles of DVC are to
reference one of the implicated bones and to measure the displacement using a vector field
associated to the other bone, between the two considered positions.

4.2.3. Description of Techniques for Advanced Clinical Applications Derived from WBCT
Computerized Techniques

As mentioned before, segmentation is the key to identifying individual bone contours,
and once that has been achieved, multiple new techniques can be applied. One of these is
the externalized manufacturing of custom 3D-printed surgical guides for osteotomy [18]
or total joint replacement [77], in this particular case ankle replacement. However, it is
not clear, in the absence of dedicated literature, whether automatic segmentation software
would be reliable enough to provide fully automatic surgical guide manufacturing. Indeed,
human intervention by biomechanical engineers is still required to ensure the quality of
the fit, according to the patient’s specific bone surface characteristics and the quality of
the alignment correction on the three planes of space. Therefore, whoever provides the
segmentation software, implant manufacturers still must provide human resources to
secure these steps, hence an increased cost to include customized bone cut guides, which
may not be accessible to all patients, surgeons and healthcare systems. However, in the
future, solutions should be found for widespread adoption, taking into account the multiple
advantages of customized surgery, such as specific planning of the correction on natural
stance WBCT datasets, faster learning curves, operative times and improved accuracy and
reliability of axial corrections.

Although customized surgical guides existed before WBCT was implemented, it
is important to distinguish what the added value of WBCT is in this case. Here, the
segmentation and surface matching of the guide does not require weight-bearing; it is the
planning for alignment correction that does. In that case, as mentioned earlier, the rapid
acquisition of natural stance 3D-WBCT is definitely an improvement as compared to the
traditional 2DXR-MDCT sequence. One often-heard argument here is that the correction is
performed surgically on a patient who is lying down, so what is the point of planning on
standing images? It is important to debunk this argument: first, planning is carried out
standing because the alignment only makes sense standing. Also, even in the traditional
sequence, the planning of corrections is made using standing 2D images (for total ankles,
anterior—posterior and lateral 2DXR, including the knee), which are less reliable than 3D-
WBCT. In that sequence, it is only the surface fitting of the guide which is performed
using the MDCT: the cut itself and the corrections are planned using, again, the alignment
measurement setup, in the former case, 2DXR.

Similarly, we anticipate that WBCT data will soon be implemented for use in robotic
orthopedic surgery, although, to the best of our knowledge, no record of such a procedure
has been recorded in the literature at the time this work is being written.
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4.2.4. Current Limitations of the Technique

The cost of WBCT devices has often been discussed as potential limiting factor to the
spread of the technology in clinical centers. While no cost-effectiveness studies have been
published so far, in a population-based study led by Jacques T. et al. in 2021, two periods
were compared in emergency setting: a 7-month period during which only a standard
multi-detector CT was available and, one year later, an equivalent 7-month period during
which a CBCT was also used [32]. The authors found a significant radiation dose and an
accelerated turnover (23.6% faster) with CBCT in place. Based on this, and taking into
account the need to reduce waiting lists in public hospitals in many Western countries, it
could be hypothesized that the initial economical effort to buy the machine would soon be
compensated for by the gain in terms of diagnostic workflow, as already discussed above.

On a different note, whether the management of WBCT devices should compete with
radiologists (as it should be, given the nature of the device) or with orthopedic surgeons
(which it does not, according to the literature discussed above) who, so far, have shown
the greatest interest towards the technology given the clinical advantages in diagnosis and,
even more, surgical three-dimensional planning, has also been a matter of debate. While,
in an ideal setting, both specialties should collaborate and move in the same direction, the
fact that this does not always happen and the lack of agreement felt by clinicians in daily
practice is advocated as a further limitation to the acquisition and use of WBCT devices.

5. Conclusions

In conclusion, we have found that advanced computerized techniques developed
using WBCT in the foot and ankle field can be classified. The most reported currently
are standardized absolute and relative 3D relationship and joint distance mapping. Focus
has to be made on the development of fast, reliable automatic segmentation software and
international academic endeavors to scientifically validate such software. It is important
to note that the techniques developed in the foot and ankle will be applicable to other
fields, in particular the knees, hips, spine and shoulders and specialties: trauma and
emergencies, pediatrics, sports medicine and rheumatology. We anticipate that, beyond
measurements, further developments based on deep learning and artificial intelligence will
lead to breakthroughs in diagnostics and prognostics.

However, as exciting as these perspectives might be, they remain somewhat distant,
and therefore the advanced computer science should not overshadow the immediate clinical
advantages of diminished radiation dose, improved diagnostics and slashed patient workflow
delays observed with WBCT, which should make practitioners and researchers strive to
realize its swift and widespread implementation in the musculoskeletal clinical realm.
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Abstract: Despite various proposed measurement techniques for assessing syndesmosis integrity, a
standardized protocol is lacking, and the existing literature reports inconsistent findings regarding
normal and abnormal relationships between the fibula and tibia at the distal level. Therefore, this
study aims to present an overview of two- (2D) and three-dimensional (3D) measurement methods
utilized to evaluate syndesmosis integrity. A topical literature review was conducted, including
studies employing 2D or 3D measurement techniques to quantify distal tibiofibular syndesmosis
alignment on computed tomography (CT) or weight-bearing CT (WBCT) scans. A total of 49 eligible
articles were included in this review. While most interclass correlation (ICC) values indicate favorable
reliability, certain measurements involving multiple steps exhibited lower ICC values, potentially
due to the learning curve associated with their implementation. Inconclusive results were obtained
regarding the influence of age, sex, and height on syndesmotic measurements. No significant
difference was observed between bilateral ankles, permitting the use of the opposite side as an
internal control for comparison. There is a notable range of normal and pathological values, as
evidenced by the standard deviation associated with each measurement. This review highlights the
absence of a consensus on syndesmotic measurements for assessing integrity despite numerous CT
scan studies. The diverse measurement techniques, complexity, and inconclusive findings present
challenges in distinguishing between normal and pathological values in routine clinical practice.
Promising advancements in novel 3D techniques offer potential for automated measurements and
reduction of observer inaccuracies, but further validation is needed.

Keywords: ankle syndesmosis; weightbearing CT; 3D modelling; 2D measurements; sport injuries

1. Introduction

The ankle syndesmosis entails a complex interplay of bony and ligamentous struc-
tures. The ankle ligaments play a crucial role in preventing tibiofibular displacement and
maintaining a stable ankle mortise [1]. When this syndesmotic complex is impaired due to
injury, whether high ankle sprains or fracture-associated, the normal mortise configuration
is disrupted, leading to atypical biomechanics of the tibiotalar joint. This can result in an
alteration of the contact area between the tibia and talus, leading to heightened pressure on
the talar dome and tibial plafond [1,2]. The syndesmosis is injured in 4-24% of all ankle
sprains and 10-45% of cases with concomitant ankle fractures [3-6]. Subgroups with more

Appl. Sci. 2023, 13, 10624. https:/ /doi.org/10.3390/app131910624 73

https:/ /www.mdpi.com/journal/applsci



Appl. Sci. 2023, 13, 10624

risk include athletes, females, children, adolescents, and patients with a history of ankle
sprains [7].

The diagnosis of syndesmotic injuries is crucial as untreated or misdiagnosed lesions
can lead to irreversible, long-term morbidity such as pain, poor function, mortise incongru-
ence, early osteoarthritis, anterolateral soft tissue impingement, and local synovitis [4,8-10].
An accurate diagnosis can be obscured due to the low sensitivity and specificity of the
clinical examination tests (i.e., ligament palpation tenderness, external rotation stress test ac-
cording to Frick, squeeze test, cotton test, and fibula translation test) [11,12]. Consequently,
advanced imaging modalities such as computed tomography (CT), magnetic resonance
imaging (MRI), or arthroscopy are indispensable in current clinical practice [3,13,14]. Al-
though arthroscopy is the most reliable method for diagnosis, it is hampered by its invasive
nature, cost, and lack of native contralateral reference [9,10,13,14]. Therefore, non-invasive
imaging modalities have been broadly described to visualize the syndesmosis and detect
injury. However, their true value in diagnosing instability and integrity remains equivo-
cal [8,14,15]. Radiographs are poorly sensitive and may be valuable only in cases of severe
instability [8,9]. Furthermore, the position of the hindfoot during radiography affects the
measurements subsequently [16]. Supine CT, on the other hand, has improved levels of
sensitivity, but it underestimates the extent of subtle lesions due to its non-weight-bearing
and non-dynamic nature [3,10]. While MRI is highly accurate in identifying ligamentous
damage, its availability may be limited, and even when it detects such injury, it does
not necessarily indicate the presence of instability [17,18]. Meanwhile, weight-bearing
CT (WBCT) provides less radiation and allows for three-dimensional (3D) imaging of the
weight-bearing dynamism, with the contralateral ankle serving as an internal control given
the variable anatomy of the incisura [3,8,10].

Although several measurement techniques have been proposed to assess the syn-
desmosis, there is no established protocol, and the available literature shows inconsistent
findings regarding the range of (ab)normal relationships between the fibula and tibia
at the distal level. Therefore, the aim of this study is to provide an overview of the
two-dimensional (2D) and 3D measurement methods for evaluating the integrity of the
syndesmosis.

2. Methodology
2.1. Search Strategy

A topical literature review was conducted. Three major medical databases (PubMed,
Web of Science, and Google Scholar) were searched through June 2023. The following search
terms were used: (syndesmosis injury OR distal tibiofibular joint injury OR syndesmotic
injury OR syndesmosis instability OR syndesmotic instability OR distal tibiofibular joint
instability) and (CT OR computed tomography OR WBCT OR weight-bearing CT OR
weight-bearing computed tomography). No limitations were held on the type of journal or
publication date of the article.

2.2. Study Selection

The records were screened independently by two reviewers (T.D. and M.H.). Inclusion
criteria were composed of studies involving 2D or 3D measurement methods to quantify
the alignment of the distal tibiofibular syndesmosis on CT and WBCT imaging. Exclu-
sion criteria consisted of case reports, review articles, different imaging modalities (i.e.,
ultrasound, MRI, or arthroscopy), studies involving patients < 18 years old, studies con-
cerning post-operative alignment, and manuscripts in languages other than English. The
additional literature was obtained by searching references in the manuscripts (“snowball
method”) [19].

2.3. Data Extraction

Mean values, normative reference values, pathological values, and interobserver relia-
bility values (ICC) for the measurement methods were extracted from every record, if avail-
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able. The weighted mean and standard deviation were calculated for every measurement
method included in each record. The normative reference limit for these measurements
was extracted, and the weighted mean was calculated if more than two reference limits
were available for one measurement. Since weight-bearing has been reported to affect the
kinematics of the syndesmosis [20], mean and reference values were established separately
for WBCT and conventional CT studies. All calculations were computed using Microsoft®
Excel (version 1808, 2019).

3. Results
3.1. Search Results

The aforementioned literature search generated 1716 articles. After the removal of
duplicates, 1249 records remained and were consequently screened on the title, after which
262 were suitable for abstract assessment. After reviewing the abstracts, 53 articles met
the inclusion criteria. The researchers assessed the final 53 records for eligibility. A total of
13 records were excluded based on the following criteria: case reports (1 = 2), review articles
(n = 3), other imaging modalities (1 = 6), and studies including patients < 18 years old
(n = 2). Moreover, nine additional studies were identified through the references cited in
the selected manuscripts. Finally, 49 articles were included in the review (Figure 1).
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Figure 1. Flowchart illustrating the selection process of the included articles, according to the PRISMA
guidelines [21].

3.2. Study Characteristics

Data were extracted from 29 of the 49 trials. The other trials were used to describe
the measurements and their usefulness in daily practice but did not provide useful data.
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Out of these, 13 (45%) articles utilized CT to assess the integrity of the syndesmosis, while
10 (35%) articles used WBCT, and 6 (20%) articles employed both methods. Furthermore,
8 studies analyzed both injured and healthy patients, while 1 study focused solely on
injured patients, and 11 studies exclusively examined healthy individuals. Moreover,
1 article conducted its examination on cadaveric populations, whereas 19 articles conducted
their examinations on in vivo populations. Additionally, out of the 13 measurements
discussed in this review, only 1 measurement was performed at the talocrural level instead
of 1 cm proximal to the tibia plafond. Ten articles were focused on novel (3D) imaging
techniques.

3.3. Conventional 2D Measurements

In Table 1, a description of all 2D measurements is provided. Table 2 presents the
mean, normative reference limit, and ICC per measurement, if available. Figures 2—4 depict
the mediolateral translation measurements, fibular rotation measurements, and fibular
translation measurements, respectively.

Table 1. Description of radiological measurements.

Measurement

Description References

a. Mediolateral translation (diastasis)

Anterior tibiofibular width (A)

The distance between the anterior tibial tubercle and the

nearest fibular point. [5,6,13,18,20,22-32]

Posterior tibiofibular width (B)

The distance between the posterior tibial tubercle and the

nearest fibular point. [5,6,13,20,22-24,26-29,31,32]

Middle tibiofibular width

The distance between the most central point of the incisura

and the nearest fibular point. [5,13,18,20,28,31-33]

Maximum tibiofibular width

The maximal distance between the tibia and fibula,

regardless of the location [32]

Minimum tibiofibular width

The minimal distance between the tibia and fibula,

regardless of the location. (26]

Syndesmotic area

The surface area, delineated by the medial cortex of the
fibula and the lateral cortex of the tibial incisura, and two
lines tangential to the anterior and posterior cortices of the
tibia and fibula

[13,26,31,33-35]

b. Fibular rotation

Fibular rotation by Dikos («)

The angle between the fibular axis and the tangential line to
the anterior and posterior tibial tubercles. A higher angle
value indicates internal rotation of the fibula, while a lower
angle value indicates external rotation.

[5,13,20,22,26,28,29,31,33,36]

The ratio of distances from the tibial centroid to the most

Tang ratio anterior fibular point and from the tibial centroid to the [23,26,29]
most posterior fibular point.
The ratio between the anterior tibiofibular width (A) and
Ratio A/B posterior tibiofibular width (B). The ratio increases as the [5,20,28]

fibula externally rotates.

Bimalleolar angle (j3)

The angle between the tangential line to the medial cortex of
the lateral malleolus and the tangential line to the lateral
cortex of the medial malleolus, at the level of the talar dome
or more distally.

[28,37]
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Table 1. Cont.

Measurement Description References

c. Fibular translation

This is a three-step measurement. A line is drawn between
the most anterior and most posterior points of the incisura.
A perpendicular line is drawn in the middle of the first line.

Anteroposterior translational ratio  The distance between the anterior part of the fibula and the

by Nault perpendicular line is the distance A. B is the distance
between the posterior part of the fibula and the
perpendicular line. The ratio A/B represents a description
of the anteroposterior position.

[5,20,28]

A first reference line is established by drawing a tangential
line along the most lateral aspect of the anterior and
posterior tubercles of the fibular incisura. A second
reference line is drawn perpendicular to this line at the
Medial Phisitkul anterior tubercle. The distance from the most medial point [23,29,38]
of the fibula to the first line represents the mediolateral
position of the fibula. This measurement is positive if the
fibula is lateral to the reference line and negative if the
fibula is medial to the reference line.

This distance is measured from the most anterior point of
the fibula to the second reference line explained in the
Anterior Phisitkul measurement above. If the fibula is anterior to the reference [5,13,20,23,26,28,29,38,39]
line, the value is negative; if the fibula is posterior to the
reference line, the value is positive.

Table 2. Mean, definitive normative reference limit, and mean ICC per measurement.

Measurement Mean + SD Definitive Normative Reference Limit Mean ICC

a. Mediolateral translation (diastasis)

CT, normal: 2.71 + 0.80 Cut-off max value, CT: 4 [32]

Anterior tibiofibular width CT, injury: 3.50 £ 1.18 M 1 diff ith tt CT: 0.834
(in mm) WBCT, normal: 3.51 + 0.60 a’;;‘r‘l’trr‘;iter‘al‘;rif: ‘é"} Orss[lfg]c 0 WBCT: 0.758
WBCT, injury: 3.77 £ 1.1 T
CT, normal: 4.74 + 1.74
Posterior tibiofibular width CT, injury: 4.92 4 0.29 / CT: 0.799
(in mm) WBCT, normal: 5.97 + 1.48 WBCT: 0.714
WBCT, injury: 7.38 + 2.69
. Cut-off max value, CT: 3.95 [32]
. S . CT, qo?mal. 3.58 =+ 047 Cut-off for the difference between injured
Middle tibiofibular width CT, injury: 4.25 4 1.48 and uninjured ankle, CT: 1.7 [18] CT: 0.788
(in mm) WBCT, normal: 4.28 & 0.78 unmyure N WBCT: 0.803
WBCT. inturv: 5.05 4 1.34 Normative reference range, WBCT:
o Ty - : 1.23-5.2 [5]
CT,normal: 4.6 & 1.4
Max‘mum(gfﬁfﬂjmar width C&?C“;yr;gr'fniz'/96 Cut-off max value, CT: 5.65 [32] CT: 0.865
WBCT, injury: /
CT, normal: 1.6 + 0.2
Minimum tibiofibular width CT, injury: 2.9 + 0.3 / CT: 0.899
(in mm) WBCT, normal: 2.6 £ 0.2 WBCT: 0.875

WBCT, injury: 2.9 £ 0.3
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Table 2. Cont.

Measurement Mean + SD Definitive Normative Reference Limit Mean ICC
CT, normal: 105.2 4 22.6
CT, injury: 129.5 + 31.3 CT: 0.96
. : 2 ,njury:
Syndesmotic area (in mm?) WBCT, normal: 106.0 + 16.9 / WBCT: 0.93
WBCT, injury: 134.1 + 28.2
b. Fibular rotation
CT, normal: 13.6 + 3.3
Fibular rotation Dikos CT, injury: 15 + 6.4 / CT: 0.689
(in degrees) WBCT, normal: 12.3 + 1.8 WBCT: 0.783
WBCT, injury: 7.39 + 1.1
CT, normal: 0.85 + 0.05
T . CT, injury: / / CT: 047
ang ratio WBCT, normal: 0.85 + 0.05 WBCT: 0.72
WBCT, injury: /
CT, normal: 0.55 £ 0.03
Ratio A/B CT, injury: / Normative reference range, WBCT: CT:0.722
ano WBCT, normal: 0.62 4 0.03 0.12-1.08 [5] WBCT: 0.79
WBCT, injury: /
CT, normal: 7.67 + 1.1
Bimalleolar angle (in degrees) W]g gﬁrnzgl?;a{ / / V?/ECOT@/
WBCT, injury: /
c. Fibular translation
CT, normal: 1.54 £ 0.08
Anteroposterior translational CT, injury: / Normative reference range, WBCT: CT: 0.441
ratio by Nault WBCT, normal: 1.45 + 0.00 0.31-2.59 [5] WBCT: 0.72
WBCT, injury: /
Medial Phisitkul (in mm) / / CT: 0.86
CT, normal: 1.59 + 0.50
. - . CT, injury: 1.79 £ 1.55 Normative reference range, WBCT: CT:0.725
Anterior Phisitkul (in mm) WBCT, normal: 1.60 + 0.14 ~1.48-3.44 [5] WBCT: 0.763

WBCT, injury: 1.37 + 0.27

Figure 2. Mediolateral translation measurements on an axial CT image of an uninjured syndesmosis
(A) Anterior tibiofibular width (a), middle tibiofibular width (b), and posterior tibiofibular width (c).
(B) Minimum tibiofibular width (d) and maximum tibiofibular width (e). (C) Syndesmotic area (blue

area, f), based on the two lines tangential to the anterior and posterior cortices of the tibia and fibula
(solid white lines).
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Figure 3. Fibular rotation measurements on an axial CT image of an uninjured syndesmosis and
ankle. (A) Fibular rotation angle () by Dikos, The angle between the fibular axis and the tangential
line to the anterior and posterior tibial tubercles (white lines) [36]. (B) Tang ratio of anterior (a) and
posterior measurement (b), represented as the ratio of distances from the tibial centroid (white dashed
lines) to the most anterior fibular point and the most posterior fibular point, respectively (blue solid
lines). (C) Bimalleolar angle (), calculated between the tangential line to the medial cortex of the
lateral malleolus and the tangential line to the lateral cortex of the medial malleolus (solid white
lines).

Figure 4. Fibular translation measurements on an axial CT image of an uninjured syndesmosis.
(A) Anteroposterior translation ratio by Nault [28] of anterior distance (a) and posterior distance (b)
(blue lines), calculated based from a perpendicular line, drawn from the middle of a line connecting
the most anterior and posterior points of the incisura (white solid lines). (B) Medial (c) and anterior (d)
Phisitkul measurement (blue lines), calculated from a line connecting the most anterior and posterior
points of the incisura, and a perpendicular line perpendicular to the previous line at the level of the
anterior tubercle (white dashed lines).

3.3.1. 2D Measurements Quantifying Tibiofibular Translation
Mediolateral Translation (Diastasis)

e Anterior, middle, posterior, maximum, and minimum tibiofibular width

First described by Gardner et al. [25], the anterior tibiofibular width (ATFW) and pos-
terior tibiofibular width (PTFW) are the most commonly used measurements of the distal
tibiofibular joint in the literature [5,6,13,18,20,22-32]. They serve as indicators of diastasis
between the tibia and fibula [29]. Nault et al. introduced the middle tibiofibular width
(MTFW) as an additional measurement for diastasis [28]. More recently, Yeung et al. and
Ahn et al. introduced the maximum tibiofibular width (MXTFW) and minimum tibiofibular
width (MnTFW), respectively [22,32]. These measurements are generally performed at the
level of 1 cm proximal to the tibial plafond on axial images, as depicted in Figure 2A,B and
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described in Table 1 This level is consistently selected due to the prominent tibial tubercles
and well-defined fibular incisura at this extent [6,13,22,24,25,27,28]. Most studies exhibit
a wide standard deviation (SD), resulting in a broad normative range [28]. Furthermore,
the reference values do not account for age and gender. Park et al. reported that the
posterior width is significantly smaller in women (p < 0.001), and both ATFW and PTFW
significantly decrease with age (p < 0.001) [6]. On the other hand, some studies showed no
significant difference in AFTW and PFTW by age and gender [29,31]. However, there is no
significant difference compared to the contralateral ankle, enabling bilateral comparison in
the evaluation of syndesmotic injury [6,31]. No significant differences were observed in
the ATFW, PTFW, and MTFW under both normal and weight-bearing conditions. [20,29].
Additionally, the interobserver reliability is excellent for the MnTFW and MxTFW and
good for the ATFW, PTFW, and MTFW, indicating the reliability of these parameters.

A recent study compared the ATFW and MTFW of the injured ankle with the con-
tralateral uninjured ankle in 68 patients under non-weight-bearing conditions [18]. The
mean distances were 0.3 greater in injured ankles compared to uninjured for both measure-
ments. Ideal cut-off values for instability assessing the difference between the injured and
uninjured ankle were set at 0.7 and 1.7 for ATFW and MTEW, respectively. These values
demonstrate low sensitivity (25%) but high specificity (97%) for ATFW. For MTFW, the
value is primarily useful for ruling out syndesmotic injuries, with low sensitivity (0%) but
high specificity (100%) [18]. Another study compared ATFW, MTFW, PTFW, and MxTFW
in ankles that were assessed intraoperatively. The ankles were operated on due to ankle
fractures, with syndesmotic integrity tests performed to differentiate between stable and
unstable syndesmosis. There was a significant difference between the measurements for
stable and unstable ankles for the ATFW, MTFW, PTFW, and MxTFW (p < 0.001; p = 0.014;
p =0.042; p < 0.001). Cut-off values were set at 4 (sens = 56.5, spec = 91.7) for ATFW, 3.95
(sens = 74.4, spec = 75) for MTFW, and 5.65 (sens = 74.4, spec = 78.9) for MxTFW. The
authors recommended that the PTFW should not be used for diagnosis [32]. Hamard et al.
conducted non-weight-bearing CT and WBCT scans on injured and uninjured ankles. The
distance was significantly greater for the PTFW and MnTFW in both conditions, while
the ATFW was only significantly larger in non-weight-bearing conditions [26]. Another
study confirmed these findings specifically for ATFW and PTFW in non-weight-bearing
conditions [22]. Under weight-bearing conditions, the MTFW is significantly greater in
injured ankles [33].

Anteroposterior Translation
e  Anteroposterior translation ratio by Nault

This ratio, first described by Nault et al., is a description of the anteroposterior position
of the fibula in relation to the incisura and determines translation [28]. This ratio is obtained
in three steps, as depicted in Figure 4A and described in Table 1. Due to the complexity of
this measurement, the ICC varies in every study. Interestingly, more recent studies have
better interobserver reliability than older studies, which could be explained by the learning
curve of clinicians [5,20,28].

This measurement has only been documented in uninjured ankles [5,20,28]. In weight-
bearing conditions, this ratio is significantly lower (p = 0.007) [20]. Injury may be suspected
if values are outside the range of 0.31 to 2.59. No sensitivity or specificity is given for this
range [5]. As no pathological values are known, these values cannot be compared with
pathological values.

e  Anterior and Medial Phisitkul

First described by Phisitkul et al., this translational parameter of the fibula has been
used to assess syndesmosis reduction following ankle injury. Both measurements are
depicted in Figure 4B and described in Table 1 [38]. Nowadays, the anterior Phisitkul is the
most commonly used translational measurement [5,13,20,23,26,28,29,38,39].

Interobserver reliability is good for the anterior measurement and excellent for the
medial measurement. No mean values could be obtained for the medial measurement.
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Conlflicting results have been found for differences between the sexes [5,29]. There is no
significant difference between the two legs under normal conditions, indicating that the
legs can be compared when assessing syndesmotic injury. Moreover, age has no influence
on this measurement [5]. Weight-bearing conditions do not exert a substantial influence
on both healthy and injured ankles [20]. The area under curve (AUC) values were 0.894
and 0.467 for CT and WBCT, respectively. Therefore, the authors stated that the anterior
Phisitkul was excellent at differentiating between normal and injured syndesmosis using
non-weight-bearing CT but less reliable in WBCT [26]. A normative reference range of
—1.48 to 3.44 was obtained, but no sensitivity or specificity was reported [5].

3.3.1.3. The 2D Measurements Quantifying Tibiofibular Rotation

Assessment of fibular rotation plays a crucial role in evaluating the integrity of
the syndesmotic joint. Injuries are generally characterized by diastasis and external
rotation of the fibula [3,37]. The most cited method was initially described by Dikos
et al., measuring fibular rotation relative to the tibial incisura, 1 cm proximal to the tibial
plafond [5,13,20,22,26,28,29,31,33,36]. Alternative measurements are performed at the level
of the talar dome or slightly distal therefrom, determining rotation along the medial and
lateral malleolus [28,37]. However, some studies do not quantify rotation in degrees but
rather use ratios, whereby an increase correlates with the external rotation of the fibula,
e.g., the ratio of ATFW and PTFW [5,20,28]. An additional measurement ratio, defined by
Tang, analyzes fibular rotation around the tibial centroid [23,26,29,40]. Measurements are
depicted in Figure 3A-C and described in Table 1.

The orientation of the fibula within an uninjured syndesmosis has been described in
relative detail in the currently available literature [5,13,20,22,28,29,31,33,36]. When imaged
via CT, a mean internal rotation of 13.6° is observed in non-weight-bearing conditions, as
opposed to 12.3° under weight-bearing conditions. Therefore, the fibula is exposed to an
average 1.3° of external rotation when loaded. Fewer studies are available in the field of
syndesmotic lesions. A mean external rotation of 7.61° was observed when comparing CT
and WBCT. Furthermore, interobserver reliability was good in both non-weight-bearing
(ICC =0.689) and weight-bearing (ICC = 0.783) conditions. The reviewed studies reported
no significant differences for age or sex, except for Wong et al., who noticed a naturally
significant increase in internal rotation of 0.2° per year [31].

The bimalleolar angle was ascribed by two studies at different heights on axial CT
images. Nault et al. measured the level of the talar dome, whereas Vetter et al. suggest that
the ideal plane is located 4-6 mm more distal [28,37]. An average external rotation of 7.67°
was achieved despite varying measurement heights. Good reliability was outlined by both
authors (ICC = 0.68).

Just a handful of studies examined fibular rotation ratios, all within healthy syndesmo-
sis populations [5,20,23,26,28,29]. A mean Tang ratio of 0.85 was found for both CT and
WBCT. The corresponding ICC values are poor (ICC = 0.47) and good (ICC = 0.79), respec-
tively. As for ratio A/B, a mean of 0.55 was found for CT and 0.62 for WBCT, thus resulting
in a 0.07 increase of the external rotation when loaded. A good ICC was found in both CT
(ICC =0.72) and WBCT (ICC = 0.79).

3.3.2. The 2D Measurements Quantifying Syndesmotic Area

Despite numerous linear measurements, Malhotra et al. first described the area
between the fibula and tibia 1 cm above the tibial plafond, i.e., the syndesmotic area, as
depicted in Figure 2C and described in Table 1 [35]. Subsequently, this measure has been
used increasingly. Multiple articles describe injured and uninjured syndesmoses in both
non-weight-bearing and weight-bearing conditions [13,26,31,33-35].

Within healthy syndesmoses, a mean area of 105.2 mm? and 106 mm? was found for
CT and WBCT, respectively. In the presence of lesions, the area increases to 129.5 mm? on
CT and 134.1 mm? on WBCT. Therefore, injured syndesmoses are, on average, 24.3 mm?
(CT) and 28.1 mm? (WBCT) larger compared to non-injured.
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Hagemeijer et al. examined one cohort of unilateral injured and contralateral healthy
syndesmoses in addition to a second cohort of bilateral uninjured ankles. Merely a mean
difference of 0.41 mm? was detected between the left and right normal syndesmotic areas,
in contrast to a difference of 46 mm? of unilateral injury. These findings support the use of
contralateral, uninjured syndesmosis as an internal control for injury assessment [33].

A significantly greater area (p < 0.001) was identified on CT images in injured an-
Kkles relative to normal ones [26,34,35]. Similar significance (p < 0.001) was achieved for
WBCT [26,34]. Del Rio et al. reported a mean increase in the syndesmotic area of 8.8% and
19.9% for CT and WBCT, respectively [34]. In addition, a larger area difference was detected
between non-injured syndesmosis for men compared to women, which approached near
significance for CT (p = 0.069) and WBCT (p = 0.063) [31,34]. Furthermore, weight-bearing
induced a difference between normal and injured ankles that was significantly greater
for men (p = 0.04) [34]. Wong et al. investigated the impact of a talocrural range of mo-
tion (ROM) on the syndesmotic area and found that the surface decreased on average by
26 mm? (p < 0.001) going from dorsiflexion to plantar flexion [31].

Excellent interobserver reliability was documented for syndesmotic area estimation
for both CT (ICC = 0.96) and WBCT (ICC = 0.93).

3.4. Novel 3D Measurement Methods

Several studies have focused on transforming the aforementioned 2D measurements
into a 3D framework. Several emerging 3D techniques have been found in the literature,
which will be topically described below.

3.4.1. 3D Mirroring—Alignment Techniques

By mirroring the healthy and injured ankle in bilateral imaging, the contralateral ankle
is used as internal control. After aligning both tibiae, the relative displacement of one
fibula with respect to the control can be visualized and quantified (Figure 5). Ebinger et al.
were the first to align both tibiae in a cadaveric study to quantify the 3D displacement of
the fibula [23]. In their study, they have shown that 2D clinical measurements correlate
poorly with the actual 3D displacement. Burssens et al. improved upon this using the
contralateral healthy ankle as a template after mirroring the injured ankle to diagnose high
ankle sprains and fracture-associated syndesmotic lesions [3]. In their study, the average
mediolateral diastasis of both the sprained group (mean = 1.6 mm) and the fracture group
(mean = 1.7 mm) exhibited significant differences compared to the control group (p < 0.001).
Additionally, they found a significant difference in the average external rotation between
the sprained group (mean = 4.7°) and the fracture group (mean = 7.0°) when compared to
the control group (p < 0.05). Peiffer et al. refined the examination of subtle syndesmotic
lesions using external torque during WBCT [41]. Significance was proven for ATFW and
alpha angle computed on patient-specific 3D models.

3.4.2. The 3D Distance Mapping

Recently, the calculation of 3D distance maps has been introduced in ankle syndesmo-
sis. These maps assess the relative position between two surfaces at each point, plotted
on the bony contour. They are defined and calculated as the shortest surface-to-surface
distance between each point of the 3D model and the opposing surface. Dibbern et al. were
the first to apply these distance maps to the clinical entity of the syndesmosis [42]. The
benefit of this technique is that it allows for an accurate and straightforward interpretation
of the 3D tibiofibular diastasis in one image. In Figure 6, we have presented an example of
distance mapping in a patient with a syndesmotic injury.
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3.4.3. The 3D Volume Measurements

Several authors have investigated the use of volumetric measurements of the distal
tibiofibular articulation. In this technique, the total interosseous volume is calculated,
extending from the level of the tibial plafond up to a height of 1, 3, 5, or 10 cm proximally
(Figure 7). These 3D volume measurements were introduced by Taser et al. in their
cadaveric experiment, showing a 43% (441 mm?) increase in syndesmotic volume after
1 mm diastasis and an additional 20% increase for each extra 1 mm [43]. Ten years later,
Kocadal et al. described the use of volume measurements to compare the post-operative
syndesmotic reduction between screw fixation and suture-button techniques, unveiling
a significant increase of 8% (118.5 mm?) in suture-button fixation [44]. Additionally, they
found an intra-observer reliability of 0.882 and an interobserver reliability of 0.861 for their
measurement technique. Bhimani et al. and Ashkani-Esfahani et al. recently popularized
these 3D volume measurements, showing high sensitivity (95.8%) and specificity (83.3%)
for the detection of syndesmotic instability [8,9]. Moreover, they stated a cut-off value of
11.6 cm® (or 25.4% increase in volume) at the level of 5 cm above the tibial plafond, which
reported an excellent ICC of 0.93.

3.4.4. The 3D Statistical Shape Model—Based Techniques

Peiffer et al. focused on using statistical shape models and ligament modeling tech-
niques to model the path and quantify the predicted length of the syndesmotic ligaments
in patients with high ankle sprains and asymptomatic controls [17]. They reported a statis-
tically significant difference in anterior tibiofibular ligament length between ankles with
syndesmotic lesions and healthy controls (p = 0.017). They also found a significant correla-
tion between the presence of syndesmotic injury and the positional alignment between the
distal tibia and fibula (r = 0.873, p < 0.001). More specifically, they described an “anterior
open-book injury” of the ankle syndesmosis as a result of anterior inferior tibiofibular
ligament elongation/rupture (Figure 8).

Mirroring

Tibia
Alignment

Investigate R-L
Differences

Retain Subject-Specific
Syndesmotic Alignment

Figure 5. Mirroring and alignment of the right (red) and left (blue) ankle. The left ankle tibia is
mirrored and rigidly registered to the right tibia. By aligning both tibiae, the side-specific anatomical
configuration of the ankle syndesmosis is retained, and the relative displacement of the fibula can be
visualized.
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Right Ankle Left Ankle

1 2 3 4 5 6 7 [(nmm

Figure 6. Example of distance map analysis. Weight-bearing CT images in a patient with a syn-
desmotic injury in the left ankle. A corresponding 3D distance mapping is presented, which reveals
an increased tibiofibular clear space on the left side.

Right Left

4559.4 mm®
2658.8 mm°>
1317.3 mm®
244.4 mm3 279.1 mm°

Figure 7. Volumetric measurements of the right and left distal tibiofibular joint (up to 1, 2, and 3 cm)
and medial gutter in a patient with left Weber-B fracture using Disior™ (Paragon 28, Bonelogic
F&A).

3.4.5. Other Novel Measurement Techniques

More recently, a study explored the use of dual-energy CT post-processing algo-
rithms [45]. More specifically, they looked at the accuracy of collagen mapping technology
compared to grayscale CT analysis in the assessment of syndesmotic integrity. The results
showed that collagen mapping significantly enhanced sensitivity, specificity, positive predic-
tive value, negative predictive value, and overall accuracy for detecting distal tibiofibular
syndesmosis injuries. Additionally, collagen mapping achieved higher diagnostic confi-
dence, image quality, and noise scores compared to grayscale CT.
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Figure 8. Distal tibiofibular joint anatomy in a documented syndesmotic lesion (top) versus the
mean control distal tibiofibular joint anatomy, derived from a statistical shape model (bottom). The
statistical shape model-based ligament modeling framework was able to detect an increase of anterior
inferior tibiofibular ligament distance by 170%, resulting in an anterior “open-book” injury.

4. Discussion

A broad set of measurements exists to evaluate syndesmotic integrity [46]. However,
these measurements are scattered across the literature. Therefore, this topical review
compiled the current evidence available in the literature, with the aim of providing a
comprehensive overview of which 2D/3D measurements are at hand. No systematic
review was obtained because of the heterogeneity of the trials. This made it difficult to
compare the results of the trials. Secondly, the aim was to look at newer and emerging
techniques. These are usually described in individual trials, so a systematic review was
not possible. Although the majority of ICC values for 2D measurements indicate high
reliability, specific measurements that involve multiple steps show lower ICC values, likely
due to the learning curve. The 3D measurement techniques are emerging as promising
alternatives and could replace 2D measurements in the future, but they have not yet been
integrated into daily clinical practice.

Regarding 2D measurements, there are several techniques to quantify mediolateral
translation, anteroposterior translation, rotation, and area. The mediolateral tibiofibular
translation measurements were the most commonly used [5,6,13,18,20,22-32]. Interobserver
reliability was good to excellent for all measurements. There was also no significant differ-
ence between bilateral ankles, which can be compared to assess syndesmotic integrity [6,31].
No studies have shown a significant increase in width between non-weight-bearing and
weight-bearing conditions, but the average of the means was greater in weight-bearing
conditions for each measurement [20,29]. Greater distances have been shown for each mea-
surement when comparing normal and injured ankles in non-weight-bearing conditions. In
weight-bearing conditions, only a significant difference has been shown for one mediolat-
eral t