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Abstract: Torsional deformities of the lower limb are common in children with cerebral palsy (CP)-
determining gait problems. The mechanisms underlying transverse plane gait deviations arise from
a combination of dynamic and static factors. The dynamic elements may be due to spasticity, contrac-
tures and muscle imbalances, while the static ones may result from excessive femoral anteversion,
which decreases the efficiency of the hip abductors by reducing the muscular lever arms. A thera-
peutic approach has been identified in multi-level functional surgery for the lower limb. Treating
the malalignments of the lower limb with femoral or tibial derotation provides optimal results, espe-
cially when supported by adequate biomechanical planning. This planning requires an integrated
static-dynamic approach of morphological and functional evaluation, based on radiological measure-
ments, physical examination and gait analysis. Instrumented gait analysis has been confirmed as
essential in the evaluation and surgical decision making process for children affected by CP with
transverse plane deformities. Computational simulations based on musculoskeletal models that
integrate patient-specific CT morphological data into gait analysis can be used for the implementation
of a surgical simulation system in pre-operative planning to test the possible effects of the different
surgical treatment options on the torsional defects of the lower limbs. Recently, a computer-aided
simulation process has been implemented in the preoperative planning of complex osteotomies for
limb deformities in children. Three-dimensional (3D) digital models were generated from Computed
Tomography (CT) scans, using free open-source software. The aim of this study is to integrate the
patient-specific CT musculoskeletal model with morphological data and gait analysis data, with
the personalized calculation of kinematic and kinetic parameters, which allow us to generate an
“avatar” of the patient for a more in-depth evaluation of the gait abnormalities. The computational
simulation platform proposed provides a realistic movable musculoskeletal model in a virtual en-
vironment, with the possibility of planning and monitoring the effects of virtual three-dimensional
surgical corrections.

Keywords: cerebral palsy; torsional deformities; derotation; musculoskeletal modeling; virtual
surgical planning; avatar; gait analysis; computed tomography

1. Introduction

Torsional deformities of the lower limbs, such as femoral neck anteversion and tibial
torsion, are frequent in children with infantile cerebral palsy (CP) [1]. These alterations
cause important functional problems in walking, also related to the internal deviation of
the angle of progression of the foot, with an increased risk of falls, pain, overloading and
muscle fatigue [2,3]. The mechanisms underlying transverse plane gait deviations arise
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from a combination of dynamic and static factors. The dynamic elements may be due
to spasticity, contractures and muscles imbalance, while the static ones may result from
excessive femoral neck anteversion which decreases the efficiency of the hip abductors
by reducing the muscular lever arms [4]. The orthopedic therapeutic approach has been
identified in multi-level functional surgery for the lower limbs, which can include the simul-
taneous correction of static and dynamic factors [5,6]. Single-event multi-level functional
surgery (SEMLS) has shown favorable effects on the clinical and functional parameters of
children suffering from CP with torsional alterations of the lower limbs [7,8]. In particular,
the combination of soft tissue surgery and bony procedures such as derotation osteotomies
is providing promising results [9,10], especially when supported by adequate biomechan-
ical planning [11,12]. This planning requires an integrated static-dynamic approach of
morphological and functional evaluation, based on radiological measurements, physical
examination, and instrumented gait analysis [13-15]. The accuracy of the measurement of
anatomical parameters by imaging (MRI and CT) is essential for the design of the femoral
and/or tibial derotation surgery [16]. Instrumented gait analysis has been confirmed as
essential in patient assessment and surgical decision making for children affected by CP
with transverse plane deformities [17,18]. Gait analysis combined with clinical evaluation
can influence the planning of functional surgery, and also improves the outcomes for pa-
tients undergoing the procedures themselves [19,20]. A recent meta-analysis confirmed the
positive effects of femoral derotational osteotomy on the kinematics of pelvis and hip in the
transverse plane [21]. However, dynamic hip rotation cannot be predicted exclusively by
physical examination measures of hip range of motion or from three-dimensional assess-
ment of femoral neck anteversion derived from biplanar radiographs [22]. The combination
of morphological data from imaging and functional data from instrumented gait analysis
has been revealed to be the most reliable method for supporting surgical decision making.
Computational simulations based on musculoskeletal models that integrate patient-specific
MR/CT morphological data into gait analysis [23-26] allow more reliable calculations of
kinematic and kinetic parameters. This modelling can also be used for the implementa-
tion of a surgical simulation system in pre-operative planning to test the possible effects
of the different surgical treatment options in torsional defects of the lower limbs [27,28].
The digital 3D models obtained from CT scans have been already used for surgical plan-
ning in a selected group of pediatric patients suffering from complex multiplanar limb
deformities [29]. The implementation of the surgical decision making process, using both
a morphological and functional evaluation approach, aims to improve the outcomes of the
interventions. The integration of this information into surgical decision making may be
useful to optimizing performance of techniques and avoiding pitfalls and complications.

The aim of this study is the creation of a patient-specific musculoskeletal model that
integrates patient-specific CT morphological data and gait analysis with personalized
calculation of kinematic and kinetic parameters. A computational simulation platform is
proposed for obtaining a realistic movable musculoskeletal model in a virtual environment,
with the possibility of planning and monitoring the effects of virtual three-dimensional
surgical corrections.

2. Materials and Methods

The study was pilot research investigating the feasibility of a novel computational
process for obtaining a realistic movable musculoskeletal model in virtual environment.
This model integrated patient-specific CT morphological data into gait analysis, with
personalized calculation of kinematic and kinetic parameters. The present model was
compared with a standard model [30] and provided a computational simulation platform
for virtual three-dimensional surgical planning. The process consists of the following steps,
outlined in Figure 1.
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As an example, here is a case description of a 13-year-old adolescent with a complex
pattern of crouch gait, valgus knee and intoeing due to cerebral palsy, GMFCS 2.

2.1. Gait Analysis Acquisition

The patient underwent state-of-the-art gait analysis (GA). Five trials of barefoot level
walking at a self-selected speed on a 10 m walkway were recorded. An additional static trial
was recorded in standing upright position. The patient was instrumented with reflective
markers on the pelvis and lower limbs according to an established marker-set and proto-
col [31-33]. Three-dimensional marker trajectories were collected using an eight-camera
motion capture system [100 Hz, Vicon 612 Motion System, Oxford (UK)]. By still wearing
the GA markers, patients received full lower-limb CT. The information was exported in
C3D format.

2.2. CT Scan Protocol

Computed tomography (CT) studies of the lower limbs were acquired with a low-dose
protocol, using a full iterative reconstruction model-based (MBIR) algorithm (VEO) [34].
A VEO algorithm has been introduced in current clinical practice at our institute, having
demonstrated a significant decrease in radiation dose in children [35]. CT studies were
acquired, including of the entire lower limbs (from the iliac wings to the whole feet), with
a volumetric acquisition protocol optimized using a slice thickening of 5 mm (0.625 mm
reconstructions) [CT Equipment: Discovery Dual Energy 256 Slices, General Electrics (GE),
Boston, Massachusetts (USA)]. The radiation dose length product (DLP) was 70 mGy/cm
with an estimated effective dose to the patient of about 0.5 mSv. Before the CT acquisitions,
the 22 reflective markers were secured to anatomic locations with double-sided adhesive
tape on the skin, and successively included in the CT field of view. Post-processing recon-
structions with images superimposition were performed to calculate femoral anteversion
and external tibial torsion angles which resulted in the following readings: external tibial
torsion (ETT) 28° right, 29° left; femoral neck anteversion (FNA) 38° right, 39° left. Femoral
length were found to be 39.25 mm at the right side, and 39.25 mm at the left side; tibial
length was 31.22 mm at the right side, and 31.23 mm at the left side. All acquisitions were
exported in DICOM format.

2.3. Modelling and Simulation Workflow

The skeletal reconstruction process was followed according to a method already used
in our unit. Briefly, this methodology consists of CT image acquisition and reprocessing
and 3D model reconstruction [29,36].

3. Results
3.1. 3D Reconstruction of Patient-Specific CT Scan

Figure 2 shows in detail the steps for reconstructing the 3D model from the CT scan.
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Figure 2. 3D Modelling workflow.

First, the DICOM file was imported in 3DSlicer [37], a software to read and process
the CT scan, that is widely used for medical, biomedical, and imaging research. In this
environment, the medical images were manipulated, by adjusting their brightness and
contrast so that the visibility of the affected part is highlighted. In this case, it was important
to bring out both the bone tissue and the markers. Brightness and contrast are adjusted
by two values, the level value and the window weight value, respectively. The level
corresponds to the average brightness level of the pixels on the monitor. Increasing the
level makes the image darker; decreasing the level value makes the image brighter. The
window width determines the range of pixel values that will be incorporated into the
display. Increasing window weight reduces the contrast of the display, while decreasing
window weight increases the brightness range between two consecutive pixel values. Once
the correct visualization was set up, the selection of the relevant part was made using
segmentation. It is possible to create selection according to the desired tissue, capturing
only the anatomical parts of interest. A series of tools was used to capture a defined
range of pixel intensity. The resulting model integrated both bones and external markers,
distinguished by two selection masks (Figure 3).

Figure 3. CT scan reconstruction using 3DSlicer. The brightness was set to 400 and contrast to 1000.
For bone tissue reconstruction was selected a range of pixel intensity between 150 and 3264, while for
the markers a range between 250 and 3264.

Since this model could not be used directly in motion and virtual simulation software,
as all anatomical components were part of a single “.stl” file, it was necessary to import
the “.stl” file into the modelling software, Blender v2.93 [38]. In this environment each
bone was selected and separated from the others (Figure 4). The result was composed by
twelve three-dimensional models of each anatomical part, from the pelvis to the feet, and
a three-dimensional model of the markers.
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Figure 4. Bone separation using Blender.

Then, the separated files were lightened and cleaned up using MeshLab v2021.07 [39]
by applying the “Ambient Occlusion” filter and selecting unsuitable vertices. This step
was necessary to remove unnecessary internal parts and have a surface model. The model
prepared in this way can be used for simulation processes [36,40].

3.2. Dynamic Model of Patient-Specific Gait Analysis

The software used to build the patient model was NmsBuilder v2.1 [41], which is
a freeware software used to perform the pre-processing of musculoskeletal modelling. It
allowed us to create a model in an OpenSim environment, starting from three-dimensional
“stl” geometries. NmsBuilder can import different types of biomedical data, display
it interactively, merge it into a comprehensible representation, as well as manipulating
reference points, surfaces and volumes, while defining and calculating musculoskeletal
parameters. In particular, the process used to obtain the movable skeletal model was
the following:

1.  Importation of the model in “.stl” format (including the markers) into the NmsBuilder;

2. Identification of the names of the markers associated with the stereophotogrammetry
files and their position in the model;

3. Creation of the necessary anatomical markers directly suggested by the software;

4. Use of the newly created markers to create the reference systems for the joints:

5. Creation of the OpenSim model.

The entire process is outlined in the block diagram of Figure 5.

The geometries were imported into NmsBuilder and the virtual markers were manu-
ally positioned to match the real markers from the CT data as seen in Figure 6.

Having completed these steps, the model markers were created manually using the
“Create anatomical landmark cloud” command. This command allowed us to automati-
cally identify the names of the markers necessary for a correct construction of the model.
Placement of markers was found in literature to be usually performed through comparison
and study of the spatial location of the markers; in this case instead, it was possible to
position the markers directly on the geometries of the CT scan (Figure 7), superimposing
the spheres generated by NmsBuilder on them. After the positioning step, the markers
were used to create the reference systems of the joints, which are positioned autonomously
(command: “Create anatomical reference system”) for all the bone geometries.
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Figure 5. Flowchart describing the creation of OpenSim model using NmsBuilder and 3D TC models.

Figure 6. On the right the marker from the associated model, on the left the marker from CT not
yet associated.
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Figure 7. Anatomical landmark system.
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This command generated two reference systems, one considered as father and the
other considered as child; these must be associated respectively with the bones of the
analyzed joint; for example, with the knee joint the femur will be considered as a father and
the tibia as a child. Furthermore, it was necessary in order to create the patient’s customized
model, to convert the file into an OpenSim file. To reach this purpose, the software has

i

a series of commands available such as: “create body”, “create free joint to the ground”,
“create joint”, “create marker set”, create “warp object”, create “muscle”. Specifically, these
commands created the virtual bones of the model. To create the ground joint needed to
support the skeleton in the OpenSim environment, it was necessary to create the joints
of the model and associate each bone model with its relative markers. The “wrap object”
and “muscle” commands allowed us to create surfaces on which the muscles could be bent
in the most natural and realistic way possible. Using these commands, it was possible to

obtain the subject specific model used for the study.

3.3. Comparison between Standard and Custom Model

The specific model of the patient was then compared with a standard model [30], which
has a greater level of detail at the articulation level. It also presented a schematization of
the human muscular system that would require more data with respect to the CT scan, in
order to determine the insertion points of each individual muscles. For this reason, it tends
to be carried out only when it is actually necessary. To compare the two models (standard
and custom) it was necessary to adapt the standard model to the case study by unifying the
marker nomenclature. Subsequently, the scaling phase of the standard model was carried
out, which was the operation by which it was possible to make the standard model coincide
with the markers relating to the analysis of the patient’s movement. An effective scaling
of the model was usually considered to be when the error was less than 20 mm. Six Gait
Analyses (Gait_0, Gait_1, Gait_2, Gait_3, Gait_4, Gait_5) were analysed for the case study.
As described in Figure 8, two Gait Analyses were required to obtain a standard model that
represented the patient’s movement. In particular, Gait_0 (Dynamic analysis) and Gait_5
(static analysis) were used to rescale the standard model. To resize a model, it was necessary
to collect data from the subject in a static pose (Gait_5), measure the subject’s specifications
and related body segments also using the position of the markers and add the functional
joint centres from a dynamic test (Gait_0). Because they were used for calibration, these
two gait analyses were not considered for the following comparison. Gait_2 and Gait_4
were discarded because they presented problems in marker definition. Finally, Gait_1 and
Gait_3 were the two gait analyses used to study the motions applied both to the standard
and patient-specific models.

input data
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Figure 8. Flowchart of comparison between standard and custom model.
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Once an adequate standard model scaling was obtained, the two models were com-
pared by performing the inverse kinematics on the movement data obtained by stereopho-
togrammetry. For comparison, the following error parameters provided for each frame:

e  Total Square Error (TSE)
e  Root Mean Square Error (RMSE)
e  Maximum Error (ME).

Tables 1 and 2 contain the mean, maximum value and standard deviation as a function
of each motion analysis.

Table 1. Mean, Maximum value and Standard Deviation in Gait 1.

Gait 1
Standard Model Patient-Specific Model Comparison
VARIATION
AVERAGE MAX (mm) STANDARD AVERAGE MAX (mm) STANDARD MAX ‘g}lg%g(/) N
(mm) DEV (mm) (mm) DEV (mm) ERROR (%)
(%) °
TSE 5.2 9.7 1.6 5.6 7.1 0.6 26.6 59.2
RMSE 14.0 19.3 2.1 15.0 16.9 0.8 12.6 58.9
Max Error 30.6 41.8 54 27.8 33.7 2.1 19.3 61.1
Table 2. Mean, Maximum value and Standard Deviation in Gait 3.
Gait 3
Standard Model Patient-Specific Model Comparison
AVERAGE MAX STANDARD AVERAGE STANDARD VARIATION  VARIATION
(mm) (mm) DEV (mm) (mm) MAX (mm) DEV (mm) MAX STD DEV
ERROR (%) (%)
TSE 4.9 9.1 1.4 5.9 7.6 0.8 16.9 43.4
RMS 13.6 18.7 1.8 15.3 17.4 1.0 7.0 45.3
Max Error 284 40.3 5.6 28.6 34.0 2.0 15.4 64.6

The software reported the Total Square Error for the worst markers of each frame
analysed. The average value, the maximum value and the standard deviation were calcu-
lated in order to understand the trend of the markers that were less adherent to the gait
analysis for each type of error, both for the Standard model and the Patient-Specific model.
Finally, the variation between maximum errors and standard deviation in all three errors
were calculated. It could be observed that the patient-specific model had a maximum error
that spanned from 12.6% to 26.6% less than the maximum error of the standard model for
Gait_1, and was between 7% and 15% less for Gait_3. Concerning standard deviations,
it was observed that for both cases, the patient-specific model has half the values of the
standard model. In conclusion, from the comparison of the two models, it was found that
the customized model was the one that usually had the lowest maximum error and that it
was more constant having a usually lower standard deviation, making it preferable to the
scaling of the standard model. Moreover, the customized model took into account possible
bone deformities or joint placements that the standard model did not consider.

3.4. Virtual Surgical Simulation

The 3D model was then used for simulating the effects of surgical correction. In
Blender it is possible to simulate the cut of the bones, displaying in a three-dimensional
fashion the effects of osteotomies. In particular, in this case, a double level osteotomy was
planned and simulated for the left leg. The first osteotomy was a closed wedge extension
osteotomy for compensating 20° knee flexion (Figures 9 and 10).
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Figure 10. Femoral extension simulation.

This osteotomy was also combined with a femoral derotation for compensating exces-
sive femoral anteversion (Figure 11). The second osteotomy, a pure rotational osteotomy
of the distal tibia and fibula, was also simulated for correcting residual excessive tibial
external torsion (Figure 12). The planned surgery was successfully performed by using
patient specific instrumentation(Figure 13).
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Figure 11. Comparison between the baseline appearance of the 3D model and the same model after
simulating the femoral extension-derotation osteotomy. The patella is pointing forward, but the foot
is pointing outward.
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Figure 12. Comparison between the baseline appearance of the 3D model and the same model after
both femoral and tibial osteotomies, showing that the patella and foot are pointing forward.
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Figure 13. Preoperative and postoperative radiographs.

4. Discussion

CP is the most common cause of aberrant gait pattern and physical disability in
children. The neurological impairment leads to progressive musculoskeletal pathology with
muscle-tendon contractures, secondary progressive bony deformities and joint instability.
Orthopedic procedures have been designed to address the various components of the
progressive musculoskeletal pathology including tendon lengthening, tendon transfers,
rotational osteotomies, and joint stabilization procedures. However, planning the surgical
strategy in SEMLS is often difficult and no obvious prediction can be made about the effects
of surgery on the gait pattern. Currently, the surgical planning of such complex cases is
generally accomplished on the basis of the clinical examination and plain radiographs. CT
scans are rarely required only to investigate potential torsional deformities.

Gait analysis has demonstrated to improve the decision making and possibly alter the
surgical indication, but it requires extensive learning curve and experience from surgeons
for a correct interpretation of data.

This study presents an integrative framework for obtaining a “virtual movable mus-
culoskeletal model” of the lower limbs. This virtual musculoskeletal model is obtained
by linking data from gait analysis and a CT-based subject-specific model of the lower
limbs. The main finding of our study was that it is possible to use our proposed technique
in clinical practice as the gait analysis is a non-invasive examination, the software used
in our methods are freely available and low-dose CT scans of the lower extremities are
possible [42]. The possibility of obtaining a musculoskeletal model of the patient, capable
of combining patient-derived anatomic models and data from gait analysis, is the key factor
for improving our understanding of such complex pathology. Throughout computer-aided
surgical simulation it is possible to predict the effect of surgery on gait pattern, especially
when combined and multilevel procedures are planned in a single event operation [43-45].

In this context, the creation of virtual movable skeletal models, based on the specific
patient anatomy, is an appealing option for several purposes, especially for virtual surgical
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planning and simulation. The main advantages of subject-specific models have been
already reported by some authors [26,46]. Scheys and colleagues analyzed six children
with aberrant gait and torsional deformities of the lower limbs due to CP. They reported
that patient-specific MR-based models were more accurate in estimating moment arm
length compared to rescaled generic models, confirming that inter-individual variation in
musculoskeletal geometry, such as muscle attachment locations and femoral anteversion,
play a crucial role in the accuracy of moment arm length calculations [26].

We used CT scans for modeling the skeleton of the lower limbs, applying a very low-
dose protocol (VEO, General Electrics). We performed a volumetric-spiral CT acquisition
that permits high quality and detailed 2D and 3D imaging reconstructions. This technique
offers higher imaging details than EOS. Of course, the effective estimated radiation dose
to the patient with this acquisition is significantly lower than a standard CT acquisition
(at least 70-80% dose reduction), even if higher than the effective dose obtained with EOS.
In this acquisition, the inclusion of iliac wings was required, and this led to an increase of
the effective esteemed dose to the patient, due to the inclusion of the pelvis in the scanned
volume. In protocols performed in lower limbs only, with this low-dose CT technique,
the effective dose to the patient (mSv) would dramatically decrease. The main advantage
of this method is the possibility of obtaining very accurate volumetric reconstructions of
the bone (and possibly of the soft tissues), even including the reflective markers in the
field of view. Further methods have been described for obtaining 3D models to obtain 3D
models of the lower limbs. Low-dose simultaneous perpendicular biplanar radiography
with secondary 3D reconstruction (EOS) is an appealing alternative option to CT, but relies
on the correct identification of bony landmarks; this can be hard to identify in the immature
skeleton, potentially hampering the torsion measurements in children [47-49].

Moreover, recent advancements in MRI techniques allow us to obtain high quality
reconstructions, with almost similar details compared to the reconstructions based on CT.
Particularly, isotropic 3D MRI provide higher resolution quality images than standard 2D
sequences, leading to a reduction in artifacts and allowing multiplanar reconstructions [50].
Anyway, the reflective elements placed on the skin, such as in this case, must be MRI-
compatible, and their morphology must be accurately planned to fit in the MRI coil.
Moreover, MRI has higher acquisition time and lower tolerance, especially among pediatric
patients that may require sedation or anesthesia during the exams.

Another advantage of our computational integrative framework is that it was im-
plemented using as a set of open-source software, thus potentially improving the cost-
effectiveness ratio. To date, several freely available software for modeling and simulation
of both musculoskeletal and FE models exists [51,52]. Nonetheless, the verifications of the
models, the validations and the sensitivity studies, are still challenging mainly because the
biomechanical community has not reached a complete consensus on many points (e.g., the
software used for modeling and simulating in a biomechanical framework) [46].

The present study must be considered in light of some limitations. The surface reflec-
tors are not exactly sure to reproduce the patient’s muscle movements. The procedure is still
very laborious and requires a long time to create one or more models and a highly skilled
staff. Machine learning processes will be able to overcome these timescales. Using a trained
neural network with a database of solved gait analysis cases and 3D reconstructions would
be possible to build an algorithm that facilitates the construction of the patient-specific
models. Specifically, starting from the input of the CT scan and gait analysis it would be
possible to have as output the automatic reconstruction and perfectly posed 3D model.
Unfortunately, there is not much data available since these cases are uncommon. In addi-
tion, the simultaneous arrangement of CT and gait analysis is not obvious. Therefore, the
construction of an organized database for training neural networks could be envisaged
before the usage of the algorithm itself.

The virtual surgical planning has not so far evaluated the effect of soft tissue proce-
dures, such as patellar tendon plication or hamstrings lengthening, that should be combined
with the bony procedures. Finally, there is no counterevidence that the simulations carried
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out are valid since the current research protocol does not allow us to execute postoperative
CT in children simply for research purposes. Many cases would be needed to ascertain the
accuracy of the analysis process.

Regardless of these limitations and with these ideas in mind, we have presented an
integrative framework of “virtual movable musculoskeletal model” of the lower limbs. We
have understood virtual movable musculoskeletal models as “musculoskeletal avatar” of
the patient, having several applications beyond virtual surgical planning, from rehabilita-
tion to telemedicine, from education to robotic surgery. Work is ongoing for using both 3D
reconstructions of the skeleton and muscles, in different cases of children with and without
CP, in order to predict the post-operative gait pattern, also combining bony and soft tissues
multilevel procedures.
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