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Background: Accurate geometrical models of bones and cartilage are necessary in biomechanical 
modelling of human joints, and in planning and designing of joint replacements. Image-based subject-
specific model development requires image segmentation, spatial filtering and 3-dimensional rendering. This 
is usually based on computed tomography (CT) for bone models, on magnetic resonance imaging (MRI) for 
cartilage models. This process has been reported extensively in the past, but no studies have ever compared 
the accuracy and quality of these models when obtained also by merging different imaging modalities. 
The scope of the present work is to provide this comparative analysis in order to identify optimal imaging 
modality and registration techniques for producing 3-dimensional bone and cartilage models of the ankle 
joint.
Methods: One cadaveric leg was instrumented with multimodal markers and scanned using five different 
imaging modalities: a standard, a dual-energy and a cone-beam CT (CBCT) device, and a 1.5 and 3.0 Tesla 
MRI devices. Bone, cartilage, and combined bone and cartilage models were produced from each of these 
imaging modalities, and registered in space according to matching model surfaces or to corresponding 
marker centres. To assess the quality in overall model reconstruction, distance map analyses were performed 
and the difference between model surfaces obtained from the different imaging modalities and registration 
techniques was measured.
Results: The registration between models worked better with model surface matching than corresponding 
marker positions, particularly with MRI. The best bone models were obtained with the CBCT. Models with 
cartilage were defined better with the 3.0 Tesla than the 1.5 Tesla. For the combined bone and cartilage 
models, the colour maps and the numerical results from distance map analysis (DMA) showed that the 
smallest distances and the largest homogeneity were obtained from the CBCT and the 3.0 T MRI via model 
surface registration.
Conclusions: These observations are important in producing accurate bone and cartilage models from 
medical imaging and relevant for applications such as designing of custom-made ankle replacements or, more 
in general, of implants for total as well as focal joint replacements.
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Introduction

End-stage ankle osteoarthritis requires either arthrodesis 
or arthroplasty (1). Because of the lost joint mobility and 
the complications associated to bone fusion, total ankle 
replacement is becoming a popular alternative (2). The goal 
is to restore physiological joint motion, possibly ensuring 
natural relationships between the geometry of the articular 
surfaces and the tension of the ligaments (3). However, 
despite the recent improvements in the understanding 
of ankle joint biomechanics and in orthopaedic implant 
technology (4,5), high relevant complication and failure 
rates continue to afflict ankle prostheses (6-8), unlike total 
hip and knee replacements. The complex bone morphology, 
the three-planar joint kinematics, and the small dimensions, 
are likely to be the major contributing factors to the low 
survival rates (2). In addition, the small indication has 
contributed to both limited designs and small number of 
sizes available. The latter results frequently in mismatch 
between the geometry of the prosthesis components and the 
corresponding host bones.

Custom-made total ankle replacement is nowadays 
a viable alternative with great potentials, not only for 
the advantage of a personalized design of the prosthesis 
components, but also for their tailored dimensions, thus 
overcoming the issues associated to the few standard sizes 
currently available. Nevertheless, for this purpose, it is 
fundamental to provide accurate 3D models, representing 
very carefully the detailed three-dimensional (3D) 
morphology of the ankle joint (9-12) to be replaced. A 
customized approach based on medical imaging could 
definitely improve the diagnosis, the pre-surgical planning, 
and eventually the clinical outcomes (13-17). This is 
expected to lead to a better accuracy in 3D bone modelling 
and therefore prosthesis design, because of a thorough 
representation of the patient-specific bone and joint 
morphology. Particularly, within high-resolution medical 
imaging technologies, such as computed tomography (CT) 
and magnetic resonance imaging (MRI), identification of 
anatomical structures are achieved (13,18-21), traditionally 
for bone segments and soft tissues including the cartilage, 
respectively.

In addition, the recent cone-beam CT (CBCT) 
technology, originally for the field of dentomaxillofacial 
radiology (15,22-24), has proved to be also suitable to 
musculoskeletal radiology for upper and lower limb joints, 
and features reduced radiation dose, high surface and model 
accuracy (25,26), but mainly weight-bearing condition for 

the patient during scanning. These devices finally allow to 
study bone and joint architecture of the extremities under 
physiological load (14,27-30). Because of the limited field 
of view (FOV), the CBCT is thus suitable for joints of small 
dimension (27).

Despite these new prosthesis design techniques and 
medical imaging technologies, the relevant literature on 
customized ankle prosthesis based on modern medical 
imaging is poor. Several studies have compared different 
imaging technologies,  in particular CT and MRI 
devices, for 3D bone and cartilage model reconstructions 
(23,25,31,32) and for improving standard diagnosis (33,34), 
but mainly for the jawbone, only a few on the long bones 
and very few by looking at modern CBCT devices.

A number of papers have claimed comparable accuracy of 
MRI-based bone models with respect to CT-based models 
(20,35-40), though some of these studies were for other 
joints, but the gold standard for bone and cartilage models 
reconstruction remains respectively CT and MRI imaging. 
To take advantage of this complementary information, 
merging techniques between these two different imaging 
technologies are being exploited (35,41). In particular 
multimodal, i.e., between CT and MRI, registrations have 
been performed to achieve more effective visualization and 
identification of these relevant anatomical structures, also to 
detect pathological defects, potentially resulting in an earlier 
diagnosis and better treatment plan (42-44); however, this 
is usually performed only on 2D images. In CBCT this is 
achieved also with 3D representations and measurements, 
but this has been shown only for maxillofacial joints (43,45). 
The use of multimodal registration can be very beneficial 
in orthopaedics, especially for the ankle joints, because the 
morphology of the intra-articular cartilage from MRI can 
add value to the reconstruction of relevant bones from CT. 
The diagnostic performance and image quality of MRI has 
been enhanced considerably from the standard 1.5 Tesla 
to the current 3.0 and even 7.0 Tesla, which are now able 
to detect the cartilage layer between the bones of the joint 
(46,47), though not to distinguish between distal tibia and 
proximal talus articular cartilage. However, an accurate 
identification of the cartilage surface geometry, even in a 
single undistinguished model in between the tibial and talus, 
can definitely improve the patient-specific evaluation of the 
joint condition, and thus ensure a more correct design and 
planning of a joint replacement.

The purpose of the present study is to define and analyse 
3D anatomical models of the tibiotalar joint derived from 
five CT and MRI devices and to combine these in bone 
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and cartilage models. In a single specimen, these imaging 
modalities were all used, and relevant spatial registrations 
were performed with an original procedure, to obtain 
models of the two bones and of the single articular cartilage 
in between. Validation tests were performed to assess the 
accuracy of geometrical reconstructions, of the bones and 
of the overall joint including the cartilage, through the 
distance map analysis (DMA) (48). The final scope is to 
characterise these diagnostic devices and the registrations 
procedures in the perspective of subject-specific modelling 
and custom-made prosthesis design.

Methods

Specimen preparation

A full shank and foot specimen from one male cadaver 

(age 53) was analyzed. Radiographic images excluded 
ankle deformities, osteoarticular pathologies and cartilage 
defects. To maintain a rigid ankle neutral position during 
image scanning over the different devices, the specimen was 
immobilized by joint plastering. To enable registration of 
the models between the different devices, six multimodal 
imaging fiduciary markers were included in the plaster. 
These were plastic spherical beads, 2 cm in diameter, with 
a spherical cavity filled with hydrogenated material and 
hermetically closed (Figure 1A).

Images acquisition

For ankle models comparison, the same specimen was 
scanned by five different imaging devices: a standard CT 
(STCT) (Brilliance CT 16-slice system, Philips Healthcare), 

Figure 1 Pictures from 3D bone model generation process: the specimen preparation (A), with spherical multi-modality markers stuck into 
the cast; and the segmentation editor (B) and final CAD models (C) from Amira software.

A

B C
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a dual energy CT (DECT) (Revolution HD 1700 GSI, 
GE), a CBCT (OnSight Extremity System, Carestream, 
Rochester, NY, USA), a 1.5 Tesla MRI (MRI 1.5 T; SIGNA 
EXCITE HDxt, GE), and a 3.0 Tesla MRI (MRI 3 T; 3T 
MR750W GEM ENAB, GE). Details of the imaging scans, 
including the coils used with both MRI, are provided in 
Table 1. These resolutions were chosen according to the 
overall intended context, i.e., clinical assessments of ankle 
arthritis and replacements.

The DECT technology allows to differentiate and 
quantify material composition, because of its principle 
that the attenuation of tissues depends on the Compton 
scattering and on photoelectric effects, thus on their density, 
anatomic number Z and also on the photon energy (49,50). 
The technique is performed through the simultaneous 
acquisition of data sets using a combination of two different 
X-ray spectra, generated by switching the voltage of one 
X-ray tube or by running two tubes at different voltages, 
in particular using filters of 80 and 140 kVp (50,51). The 
diagnostic performance of the DECT overcomes the 

capabilities of conventional CT, with even reduced radiation 
dose (51). In agreement with radiologists and surgeons, the 
lowest energy level scan (40 KeV) proved to be the one that 
allows a better visualization and analysis of bone structures 
and surfaces, and therefore was chosen for this study. In 
perspective, this low level of energy guarantees a better 
protection for the patient.

The novel CBCT scanner was also used. This imaging 
device is characterized by a conical X-ray beam, contrasting 
with the fan-beam of the traditional CT; thus, the lower 
radiation dose results from a single rotation of the gantry 
required for the data acquisition of whole scan volume, 
incorporating the entire FOV. Sophisticated algorithms 
generate a volumetric data set, which can be used for 
the visualization of structures in all three orthogonal 
planes, providing 3D information. Due to isotropic voxels 
resolution, equal in all dimensions (15), this device can 
produce submillimetre resolution ranging from 0.52 to 
0.26 mm; in the present study this parameter was set to  
0.52 mm. Because of the smaller FOV, only the distal third 

Table 1 Details for scans on the five medical imaging devices

Variable
CT MRI

STCT DECT CBCT MRI 1.5 T MRI 3 T

Energy level 120 KVp 40 KeV 60 KVp

Overlapping No No No

Filter Tissue Tissue HD

Sequence Sagittal 3D cube Sagittal 3D cube

n of excitations (NEX) 0.5 1

Eco train 80 60

Coil Quad knee 16-ch gem flex medium

Repetition time (TR) (ms) 2.5 1.5

Echo time (TE) (ms) 8.0 3.0

Flip angle Variable Variable

Receive bandwidth (kHz) 62.0 83.3

Zero fill interpolation (ZIP) 512 No

Slice thickness (mm) 0.8 0.6 0.26 0.8 0.8

Slice spacing (mm) 0.8 0.6 0.26 0 0

Scan field of view (FOV) (mm) 150 150 230 200 200

Voxel size (mm) 0.29×0.29×0.8 0.29×0.29×0.6 0.26 Isotropic 0.69×0.69×0.8 0.63×0.63×0.8

Matrix 512×512 512×512 884×884 288×288 320×320

CT, computed tomography; MRI, magnetic resonance imaging; STCT, standard CT; DECT, dual energy CT; CBCT, cone-beam CT.
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of the tibia was obtained.
The leg was then scanned via the two MRI devices, 

both with 0.3 mm spatial resolution. Among the number of 
collected sequences, the ‘Coronal cartil new 3D’ was taken 
for the MRI 1.5 T, and the ‘Sagittal PD cube’ for the MRI 
3 T, because of relevant best visualization algorithms for the 
cartilage.

Image processing: image segmentation and geometrical 
modelling

All data from CT and MRI scans were exported in Digital 
Imaging and Communications 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), to obtain 3D models by a manual/semi-automatic 
segmentation (Figure 1B) and reconstruction algorithms 
(Figure 1C) (52,53); 2D segmented images were combined 

to produce representation of the external surface of the two 
bones and of a single tibiotalar articular cartilage, as well as 
of the spheres of the multimodal markers.

The manual segmentation process is time-consuming 
and error-prone, but it guarantees a proper and accurate 
identification of the boundaries of these structures (54). In 
particular, a number of different tools were used; among 
these, when thresholding was exploited, the Hounsfield 
unit values were set slice by slice, according to the quality 
of the image to be segmented: for most of these, this was in 
the range 300–900. Tibia, talus and marker segments were 
reconstructed separately from the three CT devices; single 
tibiotalar cartilage and marker segments from the two MRI 
devices (Figure 2). These 3D models were then exported 
from Amira as stereolithography (STL) files, and imported 
for smoothing and minor spike adjustments in a computer-
aided design software, Geomagic Studio (3D Systems, 
Rock Hill, USA). For the ‘smoothness’, ‘strength’ and 
‘curvature priority’ parameters, all with range from 1 to 8, 
the values set were respectively 6, 6 and 8. The calculation 
of the centre of the best-fit sphere for every marker and all 
the following analyses were then performed in Geomagic 
Control.

This segmentation and model reconstruction procedure 
was all performed by a single expert operator, and repeated 
by the same operator a few weeks later.

Registration of 3D models

To compare models from the different medical imaging 
technologies, and also to obtain complete bone plus 
cartilage models of the entire ankle joint, the registration 
bone-to-bone from CT models, cartilage-to-cartilage from 
MRI models, and combined cartilage-to-bone from all 
MRI- and CT-based models were performed (44).

The following two registration methods were used. 
The singular value decomposition (SVD) algorithm (55) 
is a spatial registration between two 3D models guided 
by a limited number of well-defined common points, and 
was performed by the ‘RPS Alignment’ tool in Geomagic 
Control (Figure 3A). The calculated centres of the six 
multimodal markers were taken as these corresponding 
points. The quality of this registration is here provided by 
the deviation values for every pair of the points.

The iterative closest point (ICP) algorithm (56) was 
also used; it is a best-fit alignment of two objects based 
on the spatial matching of all their points (Figure 3B), and 
was implemented as a Geomagic Control. A least-squares 

Figure 2 Exemplary cross-sectional images from the five medical 
imaging devices during segmentation: bones (in red and blue) are 
identified from CT images, cartilage (in green) from MRI images, 
and markers (yellow) from both. CT, computed tomography; MRI, 
magnetic resonance imaging.

STCT DECT CBCT

MRI 1.5 T                                  MRI 3 T

https://en.wikipedia.org/wiki/Computer-aided_design
https://en.wikipedia.org/wiki/Computer-aided_design
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method is employed, where the sums of squares of distances 
between sampled pairs are minimized over all the rigid 
motions between the objects. The closest points are then 
established and a relevant transformation matrix is provided. 
In other words, this best-fit registration consists of surface 
overlapping in the optimal positioning of the objects to 
minimize registration errors in terms of mean distance of 
the two corresponding surfaces. Because of the smaller 
model of the tibia associated to the FOV of the CBCT, the 
other two corresponding CT-based models were shortened 
accordingly.

In all cases, the result is a best possible superimposition 
of the corresponding models, proving the magnitude of 
deviation between the surfaces of the two registered volume 
objects: the error values of the overall spatial registration, 
i.e., the mean error and the root mean square (RMS), which 
is used as an absolute measure of model surface deviations.

DMA

To assess the quality of these single and combined models 
also after these registration procedures, DMA was used as 
surface-to-surface analysis, performed by ‘3D compare’ 
tool in Geomagic Control (48,57). In this tool, the ‘3D 
deviation’ type was set, for which the shortest distance 
from each point on one surface (the ‘Test’) to any point 
on the other (the ‘Reference’) is reported as the result. A 
corresponding colour-coded map is also generated as a 
graphic representation of these 3D distances between the 
two surfaces with a gradient of colours on the reference 
object. In addition, the ‘critical angle’ and the ‘maximum 
deviation’ parameters were set respectively at 180° at 6 mm.  
The distance map provides the following statistical values: 
maximum distance, mean positive and mean negative 
distances, standard deviation (SD) and RMS. This analysis 
was performed between any pair of bone models out of the 
three different CT-based (Figure 4) for both talus and tibia, 
and between the six models which combined after spatial 
registration the three CT-based bone models and the two 
MRI-based cartilage models (Figure 5).

By definition, differences are marked positive and 
negative when the tested surface lies respectively outside 

Figure 3 Exemplary results of multi-modal model registration, via 
SVD (A) and via ICP (B). The bone models of the talus (in red) 
and tibia (in blue) are depicted together with the model (in lemon-
green) of the single tibiotalar articular cartilage. SVD, singular 
value decomposition; ICP, iterative closest point.

A B

Figure 4 Results from the distance map analysis, after bone-to-bone registration via SVD: STCT-DECT (A); DECT-CBCT (B); STCT-
CBCT (C). Colour-map is from maximum penetration (−1 mm, in blue) to maximum separation (6 mm, in red) passing for a best matching (in 
green), as for the colour scale. SVD, singular value decomposition; STCT, standard CT; DECT, dual energy CT; CBCT, cone-beam CT; 
CT, computed tomography.

–1.0000 0.1000 1.2800 2.4600 3.6400 4.8200 6.0000

A B C
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and inside the reference surface. In all these colour maps, 
the perfect matching between the two objects is represented 
by green, yellow/red areas represent progressive positive 
distances, i.e., separation, whereas the dark-/light- blue 
areas represent progressive negative distances, i.e., 

penetration, of the surfaces.

Calculation of talar geometrical parameters

In the perspective of exploitations in ankle replacements, 
the effect of the quality of the bone models on the 
calculated parameters for a possible personalized prosthesis 
design was also investigated (Figure 6).

According to a recent original procedure from experimental 
and modelling analyses of ankle morphology (11),  
the talus trochlear surface was approximated to an original 
saddle-shaped, skewed, truncated cone with apex on the 
lateral side, in contrast to pioneering studies (58,59). This 
procedure, performed in Geomagic Control, determines 
seven circles best fitting the following: the medial and 
lateral crest of the trochlea tali, and five equidistant arcs 
along the trochlear groove, from the most anterior to the 
most posterior (Figure 6). This was performed in each of the 
three talus models from CT scans.

Validation

To assess the technical reliability of the entire procedure as 
here above, the quality of the marker spherical models from 
CT scans was analysed. A corresponding 2 cm diameter 
numerical spherical model was defined, and this registered 
to each of these six multimodal markers. For each of these 

Figure 5 Results from DMA for each combination of cartilage-to-bone models, all obtained through ICP registration: for both the talus 
(top row) and the tibia (bottom), the diagrams show the map of the distance between the model of the bone and the model of the individual 
cartilage. Bone models were from STCT (left), DECT (central), and CBCT (right); each combined with both cartilage models, i.e., from 
MRI 1.5 T and MRI 3 T. DMA, distance map analysis; ICP, iterative closest point; STCT, standard CT; DECT, dual energy CT; CBCT, 
cone-beam CT; CT, computed tomography; MRI, magnetic resonance imaging.

STCT+MRI 1.5 T STCT+MRI 3 T DECT+MRI 1.5 T DECT+MRI 3 T CBCT+MRI 1.5 T CBCT+MRI 3 T

Figure 6 Snapshot depicting how the 3D geometrical parameters 
are extrapolated on the talus model (here the one obtained 
from the CBCT scan). CBCT, cone-beam CT; CT, computed 
tomography.

[D9] D 121.7386

[D8] D 86.2943

[D7] D 75.8279

[D10] D 61.9269

[D12] D 40.0368

[D6] D 50.1002

[D5] D 36.0690
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registrations, the DMA was performed.

Results

Validation

DMA of this overall procedure, measured by fiduciary 
marker matching, showed small values (Table 2), revealing a 
good quality of the entire process of imaging, segmentation, 
3D reconstruction and spatial registration. These values 
are also consistent over the three CT devices, with the best 
3D reconstruction of the marker models from the CBCT 
device (mean RMS 0.46).

Registration of 3D models, and DMA

The resolution of the two bones and the single cartilage 
models obtained from all the CT and MRI scans is shown in 
Table 3. Very good results from DMA were obtained from all 
the bone-to-bone model registrations from CT devices with 
both the SVD and ICP registration procedures (Table 4).  
The RMS of the ICP registration for the tibia was a bit 
larger than that for the talus (Table 4), likely due to the slight 
differences in length among the bone models from the three 
devices. RMS from the DMA were also found smaller than 

1 mm, and only small differences were observed among the 
three devices, and between the bones and the registration 
techniques.

When the same was performed between bone models 
from MRI the results were very unsatisfactory: because 
of the multimodal markers with the SVD registration 
procedure, and likely because of the quality of the MRI-
based bone models with the ICP procedure. When the 
bone models from the three CT devices were registered to 
those from the two MRI devices, the bone-to-bone mean 
registration error over the six combinations were in the 
range of 0.7–1.0 mm for the talus, and 0.7–1.1 mm for the 
tibia, much larger than the corresponding between the 
three CT-based bone model combinations (Table 4). When 
the two MRI-based bone models were registered to each 
other, this mean error was 0.8 mm for the talus and 1.8 for 
the tibia.

As for the comparison of the two cartilage models, 
i.e., from MRI 1.5 T and MRI 3 T, both the cartilage-to-
cartilage ICP and the marker-based SVD registrations 
resulted in RMS values about 3 and 6 times larger 
respectively than those observed between CT models, likely 
due to the very different resolution between the two MRI 
devices.

Table 2 Statistical values of DMA between reconstructed markers and the corresponding numerical model

Variable Standard CT Dual energy CT Cone-beam CT

Max deviation (+) 1.57±0.30 1.98±0.61 1.18±0.32

Max deviation (–) −0.39±0.17 −0.44±0.22 −0.47±0.27

Mean (+) 0.62±0.11 0.78±0.20 0.39±0.08

Mean (–) −0.12±0.05 −0.14±0.06 −0.11±0.07

SD 0.37±0.09 0.59±0.22 0.36±0.18

RMS 0.68±0.13 0.88±0.21 0.46±0.11

Values (mean ± standard deviation over the six markers) are all in millimetres. CT, computed tomography; DMA, distance map analysis; 
SD, standard deviation; RMS, root mean square.

Table 3 Number of triangles for all the models, developed from segmentation of CT and MRI scans and analyzed 

Variable STCT DECT CBCT MRI 1.5 T MRI 3 T

Talus 89,574 153,222 85,580 24,862 106,888

Tibia 388,558/106,352 235,426/173,644 104,566 37,072 157,320

Cartilage – – – 8,874 29,161

For the tibia, STCT and DECT values show the full/half size, the latter for a comparison with the CBCT. STCT, standard CT; DECT, dual 
energy CT; CBCT, cone-beam CT; CT, computed tomography; MRI, magnetic resonance imaging.
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The DMA results of the six combined cartilage-to-bone 
models, i.e., from the three CT bone models and the two 
MRI cartilage models, are reported in Figure 5 and Table 5. 
Registration was obtained for the talus bone only, via ICP, 
with the RMS of this registration being 0.95±0.09 (range, 
min–max: 0.91–1.10) on average over all combinations; 
equivalent registration values via SVD resulted in about 
two times larger RMS distances. From these six, the DMA 
between the cartilage model from the two MRI scans and 
both the talus (top of Table 5; yellow and red models in 
Figure 3A) and the tibia (bottom of Table 5; yellow and blue 
in Figure 3A) from CT were performed; in other words, 
this is called matching of the chemical shift layers of the 
tibiotalar joint. RMS values toward the talus bone models of 
the cartilage model from MRI 3 T are all smaller than those 
from MRI 1.5 T; the same applies also for the maximum 
negative distance toward the tibia, i.e., penetration peaks for 
these models. By looking at both Figure 5 and Table 5, more 

homogeneity of the colour map was found for the MRI 3 T 
models with respect to MRI 1.5 T. Table 5 also reveals more 
separation than penetration, by looking at both peak and 
mean distances.

Calculation of talar geometrical parameters

The calculated diameters of the circles best fitting the 
medial and lateral crests of the talus compared well among 
the bone models from the three CT devices (Table 6). These 
diameters also reveal the conical shape of the trochlea tali, 
with apex laterally. The circles over the trochlear groove 
were found less consistent over the models, best consistency 
being at the posterior-central section of the trochlea. The 
best circles at the most posterior section are in the plantar 
aspect, representing the convexity of this part of the 
trochlea tali.

The repeatability analysis performed on CT-based bone 

Table 4 Results from the registration process and DMA, for the two bones, and for both the SVD and ICP registration technique

Variable
Registration Distance map analysis

Mean error RMS Max distance (+) Max distance (−) RMS

SVD

Talus

STCT vs. DECT 0.4 0.4 1.2 −2.0 0.5

DECT vs. CBCT 0.3 0.3 3.6 −3.3 0.7

STCT vs. CBCT 0.2 0.2 2.5 −2.5 0.5

Tibia

STCT vs. DECT 0.4 0.4 1.1 −1.5 0.3

DECT vs. CBCT 0.3 0.3 2.6 −1.6 0.9

STCT vs. CBCT 0.2 0.2 2.5 −1.3 0.9

ICP

Talus

STCT vs. DECT 0.3 0.4 1.2 −2.1 0.4

DECT vs. CBCT 0.5 0.7 3.6 −3.3 0.7

STCT vs. CBCT 0.3 0.4 2.9 −2.2 0.4

Tibia

STCT vs. DECT 0.3 0.4 1.3 −1.4 0.3

DECT vs. CBCT 0.6 0.8 2.0 −1.0 0.7

STCT vs. CBCT 1.0 1.5 1.7 −0.9 0.7

Measurements are in mm. DMA, distance map analysis; SVD, singular value decomposition; ICP, iterative closest point; STCT, standard 
CT; DECT, dual energy CT; CBCT, cone-beam CT; CT, computed tomography; RMS, root mean square.
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models showed that the intra-operator error was 0.1 mm in 
terms of mean error of registration, which compares very 
well with the values in Table 4. This resulted in a percentage 
error smaller than 7 % for the talar geometrical parameters. 
All concluding observations on the models’ quality from the 
different imaging modalities and the registration techniques 
remained the same.

Discussion 

In this study, an in-depth morphological analysis via a 
multiple comparison of anatomical 3D models of the ankle 
joint was performed. The models included the full talus and 

tibia bones, and the single tibiotalar cartilage in between: 
for the first time these derived from a single specimen 
secured in a single rigid position, and by using five different 
medical imaging devices, i.e., three CT and two MRI. 
The results in isolated bone or cartilage models, and also 
in complete bone plus cartilage models, showed different 
reliability of these devices, and are therefore of value for 
future exploitations particularly in subject-specific skeletal 
modelling and custom-made prosthesis design.

In fact, to overcome the current issues in ankle 
replacement, a personalized design of the prosthesis should 
mimic better bone and articular cartilage morphology, based 
on current or even novel anatomical model approximations 

Table 5 DMA at the six combined cartilage-to-bone models, i.e., from the three CT bone models and the two MRI cartilage models; registration 
was obtained by the talus model via ICP. Both the surfaces of the cartilage, toward the talus (top) and toward the tibia (bottom) are reported

Variable Max distance (+) Max distance (−) Mean distance SD RMS

Cartilage toward talus

STCT + MRI 1.5 T 6.0 −1.2 1.7 1.8 2.5

STCT + MRI 3 T 3.6 −2.0 0.3 1.3 1.3

DECT + MRI 1.5 T 6.0 −1.2 1.7 1.8 2.5

DECT + MRI 3 T 3.6 −2.2 0.3 1.3 1.3

CBCT + MRI 1.5 T 6.0 −0.9 2.0 1.8 2.6

CBCT + MRI 3 T 4.0 −1.4 0.7 1.3 1.5

Cartilage toward tibia

STCT + MRI 1.5 T 6.0 −1.8 1.5 1.9 2.4

STCT + MRI 3 T 6.0 −0.6 0.9 1.5 2.4

DECT + MRI 1.5 T 6.0 −4.6 0.0 2.3 2.3

DECT + MRI 3 T 6.0 −1.0 1.5 1.6 2.2

CBCT + MRI 1.5 T 6.0 −1.2 1.9 1.8 2.6

CBCT + MRI 3 T 6.0 −0.2 2.2 1.6 2.7

Measurements are in mm. DMA, distance map analysis; ICP, iterative closest point; STCT, standard CT; DECT, dual energy CT; CBCT, 
cone-beam CT; SD, standard deviation; RMS, root mean square; CT, computed tomography; MRI, magnetic resonance imaging.

Table 6 Calculated diameters of the seven best fit circles, for each of the CT-based models: negative values in the last column represent the 
observed circles located toward the plantar aspect of the foot (see also Figure 5)

Variable Crest medial Crest lateral
Trochlea 
anterior

Trochlea ant.-
cent.

Trochlea 
central

Trochlea 
post.-cent.

Trochlea 
posterior

STCT 39.5 33.8 85.3 70.7 59.4 76.2 85.2 (−)

CBCT 40.0 36.1 62.0 121.7 86.3 75.9 50.1 (−)

DECT 42.5 36.9 45.3 92.1 62.3 74.2 80.8 (−)

Measurements are in mm. STCT, standard CT; DECT, dual energy CT; CBCT, cone-beam CT; CT, computed tomography.
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(11,60). Within this context, state-of-the-art medical imaging 
devices were assessed in the present study for their role in the 
creation of 3D single anatomical models, along with a best 
possible merging of the two bone models from CT and the 
single cartilage model from MRI. Though recent literature 
have reported studies on multimodal registration of data 
derived from different imaging acquisition technologies, they 
are generally associated to 2D modality or related to other 
anatomical complexes (42-44,61,62). In most of these cases, 
several issues regarding registration methods and related 
accuracy have been raised and discussed (41,45), together 
with the accuracy evaluation of reconstructed geometrical 
models obtained via CT and MRI imaging (32,35,36). As 
for the important issue pertaining to bone reconstruction 
of the whole surface geometry by separating/merging 
cortical and sub-chondral bone, only one study reported 
an original methodology to assess relevant segmentation 
and accuracy in model-to-model registration, though 
using only the ICP registration method (63). This method 
however, used to register CT- and MRI-based models, was 
demonstrated to be the most robust (41,45), as found also 
in the present study. In addition, a recent in-vitro study (32) 
using DMA to assess registrations of reconstructed bones 
only, i.e., no cartilage models were considered, reported a 
mean difference between models smaller than 1 mm, which 
is consistent with what is reported in the present study. In 
general, not a single paper has shown 3D morphological 
models including bones and cartilage, respectively from 
CT and MRI, nor registered these for subsequent thorough 
DMA as in the present study.

In the present study, an emerging medical imaging 
technology was also assessed, i.e., the CBCT, and compared 
with traditional CT-based devices. This allows high spatial 
resolution revealing accurate anatomical details, such as 
articular surfaces, even bone micro-architecture and soft 
tissue (64,65), fast imaging acquisition time, easy installation, 
low radiation dose and lower costs compared to conventional 
CT (22,66) and weight-bearing postures, which is a major 
limitation of conventional CT (29). These features represent 
a considerable advantage, particularly in the evaluation of 
osteochondral lesions of the ankle joint (27). This has been 
shown in CBCT scans of the lower extremities (29,67), 
under a number of weight-bearing conditions (14), and in 
many studies on bone and joint degenerative changes, at the 
knee, ankle and foot (14,27).

The good quality of this overall imaging, modelling 
and registration process was supported by RMS distances 
between measured and known shapes of the multimodal 

markers, found to be always smaller than 1 mm (Table 2). 
The best result were found for those marker models from 
CBCT scans, likely accounted for to the smaller registration 
error with this device when the SVD registration technique 
was used. DMA was used also for the comparison of 
corresponding anatomical models, after registration in space 
by the two different techniques; these results did not reveal 
considerable differences between the two MRI and between 
the three CT devices (Table 4). These results, however, did 
not reveal considerable differences between the different 
devices of the same image modality. This overall general 
consistency also for the bone models, however, did not result 
in uniformity of the calculated talar parameters: the diameters 
of the circles representing the trochlea tali sections were very 
different between the three CT-based bone models (Table 6), 
especially for the sections with large diameters. The obtained 
geometrical parameters from this specimen are consistent 
with the representation of the trochlea tali as a truncated 
cone with apex on the lateral side (11).

In the present experimental and analytical exercise, the 
ICP registration worked better than the SVD. Because 
the former is based on the spatial match of general clouds 
of many points and the latter on a few known points, it is 
deduced that the 3D anatomical models from the different 
devices are more consistent than the corresponding marker 
clusters. Particularly, the visibility of these experimental 
multimodal markers turned out to be not very successful 
in the MRI scans. This better performance of ICP can be 
observed by looking at the registration errors, but also at 
the DMA (Table 4): the ICP registration resulted in fact 
in more homogeneity over the surfaces and in less overall 
penetration. For the combined cartilage and bone models, 
the colour maps (Figures 3 and 5; Table 5) and the numerical 
results from DMA show that the smallest distances and the 
largest homogeneity were obtained from the CBCT and 
MRI 3 T combination via ICP registration (Figure 5) and 
the worst from MRI 1.5 T.

This study is not free from limitations. First of all, 
the present series of medical imaging scans in vitro 
prevented realistic reconstruction of physiological loading 
conditions. In addition, the use of a single specimen and 
the manual segmentation procedure, though performed 
by a single operator, could have influenced the quality 
the final anatomical 3D models (57), in particular for the 
calculation of the talar parameters for prosthesis design. 
The present preliminary repeatability analysis shows that 
the observations are maintained also for other processing 
sessions of the same operator. Finally, segmentation of 
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the cartilage in the MRI scans was critical as expected, 
particularly when the boundaries are to be identified. To 
address this issue, the input parameters necessary for 3D 
reconstruction, the model registration, the talar diameter 
calculations and the DMA were set and maintained 
carefully, possibly maximising the repeatability of the 
measurements. Nevertheless, the articular surface geometry 
could not be distinguished between tibial and talar, and the 
final cartilage model after 3D reconstruction represented a 
single surface (Figure 3). This is a known limitation of MRI 
scans of human joints; the distinction of these two cartilage 
surfaces would require either their physical separation, or 
interposition of other material, which are all not feasible 
within the exploitation context of these techniques, i.e., 
patient specific ankle replacement. Although separate 
distinguished cartilage models may help a more careful 
design of these replacements, the present single surface is 
still a good value because eventually the remaining cartilage 
in between is to be removed during this surgery of arthritic 
ankles, and because it is the amount of bone left which 
influences the most the decisions on prosthesis component 
dimensions and locations.

Among the major overall issues in these multimodal 
analyses there are the registration objects and techniques. 
Eventually, the home-made multi-modal markers proved 
to be less accurate than expected in MRI. Because of the 
known polarisation effect of the relevant material and 
a small number of slices, oblong rather than spherical 
geometries were obtained from MRI scans, affecting 
considerably the results of the SVD registration. 
These multi-modal markers however are believed to 
be fundamental for 3D spatial registration between 
bone models from CT and cartilage models from MRI 
(68,69), avoiding the critical identification of common 
anatomical landmarks. This merging, either by SVD or 
ICP registration procedures, is still considered as the gold 
standard to obtain reconstructions of complete anatomical 
models of the diarthrodial joints, which can include the 
bones and the cartilage in between. The alternative would 
be defining these bones plus cartilage models from MRI 
scans only, but our present results show that the accuracy 
of the MRI-based bone models is higher than that of the 
gold STCT-based models, though a number of studies 
have claimed comparable results (20,35-40). MRI-based 
3D models of the bone have shown comparable accuracy 
with respect to CT-based models (35-37,40,41), even in 
presence of normal and dysplastic anatomical structures (37). 
However, a number of these are not about human ankle 

joints, or were for other applications. When corresponding 
quantitative comparisons were reported, the 1.1±0.3 mm 
global 3D contour error between MRI- and CT- based 
models (41), compares well with what here reported (range 
0.7–1.1 mm).

Conclusions

In conclusion, after careful morphological analyses 
of  anatomical  3D models from different imaging 
modalities, the best bone and cartilage models, in terms 
of reconstruction and registration, were here obtained 
respectively with the CBCT and MRI 3 T devices. The 
combination of these two imaging technologies are also 
suggested in case of a complete bone plus cartilage models 
of the ankle, because of the relevant and most homogenous 
colour map, with less penetration and a better matching 
between the models. A clear exploitation of these results is 
in the definition of subject-specific morphological models 
of this joint, leading to a more accurate identification of 
articulating surfaces, and a careful reproduction of the 
natural morphology and anatomy of relevant bones and 
cartilage, which is necessary in radiographic assessments 
and skeletal modelling. These are important observations 
also in planning and designing ankle replacements, either 
for prostheses in standard sizes, custom total replacements, 
or even for metallic focal resurfacing implant (70).
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