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Abstract 
 
Malalignment syndrome involves improper anatomical positioning due to musculoskeletal abnormalities, often 
resulting in torsional deformities that impair function and require surgical intervention. Traditional surgical planning 
methods have limitations in precision and consistency. This review aimed to explore recent advances in computer-
aided surgical simulation and digital 3D skeletal modeling techniques used to assess and correct lower limb 
deformities. It was conducted to analyze current methods in 3D surgical planning, focusing on computer-aided 
simulations and the use of personalized surgical guides. Sources were selected from peer-reviewed journals and 
databases, evaluating their applications in clinical practice. Studies showed that computer-assisted surgical simulation 
enhances preoperative planning, improves alignment accuracy, reduces intraoperative complexity, and decreases 
surgery time. Personalized guides developed from digital modeling have demonstrated improved outcomes and 
reduced surgical trauma. Computer-aided 3D modeling and personalized surgical planning represent significant 
advancements in deformity correction. These tools provide surgeons with improved visualization, simulation 
capabilities, and efficiency, ultimately supporting safer and more accurate surgical interventions.  
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Introduction 

orsional deformities are bone 
abnormalities causing skeletal 
malalignment from improper turning or 

twisting of the long bones along their axes. The 
malalignment may be broadly classified into 
anteversion, retroversion, and torsional 
discrepancy (1,2). Anteversion is a condition in 

which loading is not directly vertical through 
the hip and knee joint line; hence, normal 
weight transmission is impaired. Retroversion 
symptoms are relatively mild and may 
frequently remain undetected. Torsional 
discrepancy is a clinical diagnosis reflecting 
bothersome effects of anatomic malrotation (3, 

4). These deformities can cause joint 
discomfort, gait patterns alteration, early 
osteoarthritis, and functional restrictions if left 
untreated (5-7). As a result, early diagnosis and 
precise assessment are critical to guide 
treatment decisions and avoid the 
development of these disorders (8).  

T 
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A full physical examination typically serves as 
the first step in the clinical assessment of lower 
limb deformities. Subjects of all ages may be 
assessed using different imaging tools for a 
precise diagnosis. Even radiographs and 
computed tomography (CT) are limited in 
measuring the rotational malalignment of one 
bony segment in their static positions, and 
measurements of the bony torsion may not 
actually reflect aspects regarding the soft 
tissues (9,10). Measurements of intercondylar 
distance for genu varum and intermalleolar 
distance for genu valgum are typical in clinical 
practice (11). These measures provide a rough 
estimate of the severity of deformity (12,13). 
Nevertheless, they are frequently affected by a 
group of factors such as patient size and are 
not usually precise enough to guide surgical 
procedures (14).  
Accurate identification of rotational 
abnormalities, including femoral anteversion 
and tibial torsion, depends on the sophisticated 
imaging technologies since clinical assessments 
by themselves does not offer the sufficient 
evaluation (15-17). Furthermore, in cases of 
congenital defects or related developmental 
abnormalities, leg length discrepancy (LLD) 
requires exact measurement to determine 
whether the discrepancy results from the 
femur, tibia, or both structures (18-21).  
Correctly evaluating lower limb abnormalities 
depends critically on radiological imaging (5,22), 
especially in cases involving angular 
abnormalities such genu varum or genu 
valgum, full-length, weight-bearing X-rays 
remain the preferable technique for evaluating 
the alignment of the lower extremities (23,24). 
When examining deformities, CT scans have 
clear benefits; they also give a comprehensive 
three-dimensional (3D) image of the lower 
limb, which is absolutely vital (11,25-27). 
Preoperative planning depends on these 
imaging modalities especially when exact 
measurements are needed to specify the 
degree of correction needed (28,29).  
Lower limb abnormalities' examination and 
diagnosis have been much improved by 

developments in medical imaging technology 
including 3D modeling and biplanar 
radiography. While both conventional X-rays 
and biplanar radiography provide 
anteroposterior (AP) and lateral (LAT) views, 
they are not the same in terms of technology 
or diagnostic utility. By capturing 
simultaneously frontal and lateral images, 
biplanar radiography generates 3D models of 
the lower limbs, therefore enabling more 
accurate assessments of limb length and 
alignment under weight-bearing situations 
(19,30,31). Particularly in complicated multi-planar 
abnormalities, this technique is extremely 
helpful when conventional X-rays might not 
offer sufficient detail (32). Furthermore, 3D 
modeling aids in personalized surgical planning, 
allowing surgeons to simulate corrective 
interventions and anticipate outcomes prior to 
surgical procedures (33).  
Motion capture systems and gait analysis 
technologies have also emerged as important 
tools for evaluating the functional 
consequences of lower limb deformities (34,35). 
Through real-time measurement of joint 
movements, these technologies provide 
dynamic information regarding the effects of 
deformities on the gait cycle, yielding critical 
insights essential for surgical planning as well 
as postoperative rehabilitation (36,37). Protocols 
for assessing lower limb deformities must be 
standardized so that doctors throughout the 
world can receive consistent, reliable findings. 
Another problem is the availability of modern 
imaging technologies like CT, magnetic 
resonance imaging (MRI), and biplanar 
radiography. These technologies, while very 
precise, are costly and may not be easily 
available in resource-constrained contexts. 
Furthermore, the interpretation of imaging 
data can be challenging, particularly when both 
femoral and tibial deformities are present, or 
there is substantial bending or rotation of the 
bones (38,39). 
Genu varum and genu valgum, two of the most 
common lower limb deformities, are normally 
diagnosed using radiological and clinical 
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approaches. Genu varum (outward bending of 
the legs) and genu valgum (inward angling of 
the knees) can cause aberrant joint loading and 
increased stress on the medial or lateral 
compartments of the knee (40). These 
deformities are predominantly identified in 
childhood, and prompt intervention is essential 
to prevent long-term repercussions, which may 
encompass osteoarthritis and other limb 
deformities. Surgical intervention, such as 
osteotomy, is often used when the deformity 
degree is severe or results in significant 
functional impairment in the limbs (41-43). 
Radiological data, namely the tibiofemoral 
angle and mechanical axis, are essential for 
planning these surgeries and ensuring the right 
degree of correction is achieved (44,45). 
The main objective of this review is to 
objectively examine and compare various 
approaches for diagnosing limb deformities, 
including torsional deformities. It seeks to 
investigate the evolution, benefits, and limits 
of both traditional and innovative 
methodologies. 
 
Methods 
Questions of research  
Specific study questions were developed to 
conduct a thorough assessment of computer-
aided surgical simulations used to treat 
deformities. The questions aimed to assess the 
usefulness, difficulties, and possibilities of 
digital 3D skeletal modeling in clinical practice. 
The main research questions are: 

Q1. What are the optimized parameters for 
mimicking the 3d skeletal segments model in 
individuals with malalignment? 
Q2. What are the advantages of computer-
aided surgical simulation over traditional 
approaches for correcting deformities? 
Q3. What are the obstacles of using digital 
dynamic 3D skeletal segments in clinical 
practice, especially for surgical planning of 
deformities? 
Q4. What innovations in technology are able to 
improve the precision and accessibility of 
computer-aided simulation for deformity 
correction? 
 
Selection criteria 
A comprehensive assessment of the relevant 
literature was carried out in accordance with 
the standards provided by the Preferred 
Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines shown in 
figure (1). Databases such as PubMed, 
Springer, Scopus, and Web of Science were 
utilized in order to get the research papers that 
were employed is shown in figure (2) and the 
year wise publication is shown in figure (3). The 
procedure of filtering consisted of identifying 
keywords, then screening titles and abstracts, 
and finally doing a comprehensive evaluation 
of full-text publications by reading them in 
their entirety. 
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Figure 1. PRISMA layout representation for the paper selection strategy 
 
 

 
Figure 2. Publisher selection distribution 
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Figure 3. Year-wise distribution of the selected papers 
 
 

The motivation for the study 
The impetus for this review was the 
increasing necessity to address deformities in 
individuals with lower limb malalignment. 
These deformities can have a profound 
impact on mobility, resulting in long-term 
joint degeneration and gait deformities. The 
emergence of computer-aided simulations 
has enabled a more dynamic and 
personalized approach, as traditional 
methods have been centered on physical 

assessments or static imaging. This review 
aimed to address the research void and offer 
a more comprehensive understanding of the 
role of sophisticated simulations in surgical 
planning and correction by evaluating the 
efficacy of digital 3D skeletal modeling. 
 
Inclusions and exclusions 
The criteria for inclusion and exclusion in this 
review are presented in table (1). 
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Table 1. Reference classification 
 

Inclusions Exclusions 

Studies involving patients diagnosed with 
deformities or malalignment in the lower limbs 

Studies involving patients without such 
deformities or focusing on conditions 

unrelated to the lower limbs 

Research that utilizes computer-aided surgical 
simulation techniques or digital 3D skeletal 
models for planning or executing surgical 

corrections 

Research that does not use computer aided 
surgical simulation 

Studies reported outcomes related to the 
effectiveness of surgical interventions, including 
changes in alignment, functional outcomes, or 

patient-reported outcomes. 

Studies lack clear data on outcomes related 
to surgical effectiveness or methodological 

details necessary for evaluation 

Peer-reviewed articles, clinical trials, or 
observational studies that provided sufficient 

data on the methods and outcomes 

Exclusion of literature reviews, meta-
analyses, or editorials without original data 

Research conducted across multiple centers or 
institutions that provides a broader perspective 

Studies with a sample size that is too small 
to draw meaningful conclusions 

 
 
Approaches to the analysis 
Particularly in patients with malalignment, 
researchers have evolved several techniques 
over years for evaluating deformities in the 
lower limb (41). There are numerous periods of 
development to which these methods fit, each 
with benefits and drawbacks. Manual 
goniometry, which directly evaluated joint 
angles (46) and other anthropometric 
measurements like leg length disparities and 
knee rotation evaluations (47-49) were among 
the conventional techniques. But these 
techniques may lack accuracy and may be 
swayed by examiner prejudice (35). More 
complex imaging technologies including 
computer-aided design (CAD) systems and 3D 
motion analysis have lately been brought by 
recent developments (50). These techniques 
provide thorough kinematic data that can be 
statistically examined, hence improving the 
evaluation of lower limb mechanics (6,51,52). For 
example, 3D motion capture systems have 
been demonstrated to increase the accuracy of 
deformity assessments and enable the exact 
tracking of joint motions (52,53). Likewise, CAD 
technologies help to simulate surgical 

operations, therefore enabling a more 
customized approach to fix deformities (1,54). 
Apart from these methods, CT scans and MRI 
showed high-resolution images of skeletal 
structures (4,25). Though these techniques are 
more precise than the conventional ones, they 
expose patients to ionizing radiation and are 
usually costly (55). Moreover, depending on the 
examiner's abilities, hand measurements of 
angles obtained from these images might bring 
variety (17). 
One exciting path forward is the combination 
of cutting-edge technology including computer 
modeling and ultrasonic waves. While 
computer modeling offers a reasonably 
affordable way to observe and simulate 
deformities without the consequences of 
radiation exposure, ultrasound offers a non-
invasive alternative that can record real-time 
soft tissue dynamics (56-58). The demand for 
dependable, quick, non-invasive evaluation 
tools that can efficiently handle the complexity 
of deformities drives these developments 
mostly (58-60). 
Future studies should concentrate on 
standardizing these techniques to improve 
their dependability and accuracy as well as 
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looking at their sensitivity to variances in 
patient demographics and deformity types (61). 

The aforementioned approaches are 
summarized in Table 2. 

 
Table 2. Approach analysis  

 

Approach of 
Analysis 

Advantage Disadvantage Limitation 

Visual and clinical 
assessment 

Rapid, non-invasive, and does not 
require equipment helps guide, 

further assessments and imaging 
decisions 

Subjective, heavily 
dependent on clinician’s 

experience, may miss 
subtle deformities 

Variability between 
clinicians can lead to 
discrepancies, may 

require further objective 
tests for accuracy 

Goniometry 

Provides precise joint angle 
measurements non-invasive, 

simple to use, and widely 
accessible 

Measurements can be 
inconsistent depending 
on technique, patient 

positioning, and 
equipment 

Standardization across 
users is necessary for 

consistent results, manual 
interpretation introduces 

variability 

Radiographic 
techniques (X-ray) 

Provides clear images of bony 
structures, immediate results, and 

allows for angle measurements 
(eg, Cobb) 

Exposure to ionizing 
radiation, concerns in 
pediatric populations 

Manual interpretation 
introduces variability, 

limited soft tissue detail 

Computed 
tomography (CT) 

High-resolution, cross-sectional, 
3D reconstructions for detailed 

anatomical assessments 

Higher radiation 
exposure than X-rays, 

costly 

Limited availability in 
some settings, and high 

radiation dose, especially 
concerning for younger 

patients 

Magnetic 
resonance imaging 

(MRI) 

Excellent for soft tissue imaging, 
non-invasive, and free of 

radiation, ideal for complex 
deformities 

High cost, longer scan 
times, and requires 

specialized training for 
interpretation 

Limited availability in 
some areas, and difficulty 
capturing detailed bony 

structures 

3D Motion capture 
systems 

Provides objective, dynamic 
analysis of joint movement and 

gait deformities with high 
precision 

High equipment cost 
and the need for 

specialized training, 
time-consuming 

assessments 

Limited accessibility in 
clinical settings, complex 
data processing needed 

for full analysis 

Ultrasound 
Techniques 

Non-invasive, real-time imaging of 
soft tissues, dynamic assessments, 

and widely accessible 

Operator-dependent, 
limited detail on bony 

structures 

Highly reliant on 
clinician’s skill, provides 
less detailed information 

on bones compared to 
radiographic techniques 

Photogrammetry 
Non-invasive, cost-effective, 

generates detailed 3D models, 
and tracks deformities over time 

Lighting conditions and 
camera quality can 

affect accuracy Limited 
to surface anatomy 

evaluations 

May not capture detailed 
internal structures like 
bones, variable results 

based on imaging 
conditions 

Computer-aided 
surgical 

simulation 
 

Provides detailed 3D models 
using CT scans that allow for 
preoperative planning and 

visualization of surgical 
interventions, enables precise 

planning of corrections for 
complex deformities 

 

Requires specialized 
software and 

equipment, and 
demands training for 
proper interpretation 

Limited availability in 
some clinical settings, 

accuracy is dependent on 
the quality of input data 

and software used 
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Methods used to assess lower limb 
deformities 
There are several ways to assess the deformity 
of the lower limb, these methods are listed 
below. 
 
Visual and clinical assessment 
Orthopedic assessment traditionally relies on 
visual observation and clinical evaluation to 
detect limb deformities, posture issues, and 
joint abnormalities. This involves patient 
history, physical exams, gait analysis, and 
palpation to assess function and structure. 
However, these methods are subjective and 
may vary between clinicians, potentially 
leading to misdiagnosis (20).  
While visual assessments can detect obvious 
deformities, they may miss subtle issues. 
Incorporating objective measurement tools, 
such as clinical grading scales and radiographic 
classifications, improves diagnostic accuracy 
and reliability (62).  
Visual assessments, when combined with 
imaging techniques like X-rays or MRI, offer a 
more complete understanding of limb 
deformities. Despite their limitations, clinical 
evaluations remain essential in guiding further 
diagnostic steps and treatment decisions (20). 
 
Goniometry 
Goniometry is a widely used clinical method to 
measure joint angles and range of motion. It 
involves a goniometer with fixed and movable 
arms aligned to body segments. This technique 
helps detect joint stiffness and anatomical 
issues, and digital versions improve accuracy 
and data management (63).  
Goniometry provides precise joint angle 
measurements, aiding in diagnosing and 
monitoring conditions like hip dysplasia. It also 
helps track deformity progression and assess 
treatment and rehabilitation outcomes. 
However, its accuracy can be affected by 
patient posture, clinician technique, and device 
quality, and manual readings may vary 
between observers (64,65).  
 

Radiographical Methods 
Conventional X-ray imaging has long been 
essential for assessing limb deformities, 
offering clear views of bone alignment, joint 
spacing, and abnormalities. Until the early 20th 
century, it was the primary diagnostic tool in 
orthopedics. Its key benefit is providing 
immediate results, enabling quick diagnoses. 
Digital radiography has since enhanced image 
quality and diagnostic precision through 
advanced processing techniques (66). Software 
helps doctors accurately assess limb length 
differences and angles like the Cobb angle for 
scoliosis. However, X-ray imaging has 
limitations, including radiation risks—especially 
for young patients—and potential variability in 
interpretation due to differences in radiologist 
expertise (44).  
Advances in imaging, such as CT and MRI, have 
addressed limitations of traditional methods. 
CT provides detailed cross-sectional views, 
while MRI non-invasively assesses soft tissues 
like muscles and ligaments. Combining these 
with clinical evaluations—like visual inspection 
and goniometry—offers a comprehensive 
understanding of limb deformities, improving 
treatment outcomes (18). 
 
CT scan 
CT scans, introduced in the late 20th century, 
provide detailed cross-sectional and 3D images 
of bones, making them essential for evaluating 
limb deformities. They are especially useful in 
complex cases like femoral and tibial torsion, 
where accurate assessment of bone alignment 
is crucial for treatment planning (62). CT scans, 
introduced in the late 20th century, provide 
detailed cross-sectional and 3D images of 
bones, making them essential for evaluating 
limb deformities. They are especially useful in 
complex cases like femoral and tibial torsion, 
where accurate assessment of bone alignment 
is crucial for treatment planning (65). While CT 
imaging can be expensive and less accessible in 
some cases, its use in orthopedics is growing. It 
is valuable for diagnosing congenital 
abnormalities, serious injuries, and post-
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operative conditions. When combined with 
tools like goniometry and clinical evaluations, 
CT offers a more comprehensive understanding 
of limb deformities and treatment options. As 
technology advances, CT imaging is expected to 
play a larger role in diagnosing limb 
abnormalities. Enhanced CT methods maintain 
diagnostic accuracy while lowering radiation 
risks, making CT highly valuable for diagnosing 
and treating complex limb conditions (62).  
 
MRI  
MRI is not typically used to assess alignment 
deformities, as it does not provide precise bony 
landmarks for such measurements. However, it 
plays a valuable role in evaluating soft tissues 
and joint structures in some complex deformity 
cases. MRI is especially helpful in cases where 
soft tissue pathology may influence surgical 
decision-making, such as ligamentous injuries, 
muscle atrophy, or cartilage degeneration (32). 
MRI’s high contrast resolution is a key 
advantage, allowing clear distinction of soft 
tissue structures. This makes it essential for 
evaluating complex conditions involving both 
soft tissue and bone, such as post-traumatic 
deformities (67). MRI enhances understanding 
of limb abnormalities by providing functional 
insights, such as assessing ligament and tendon 
integrity or muscle activity. However, its main 
limitations are longer scan times and higher 
costs, which may limit accessibility in some 
clinical settings (32). MRI interpretation requires 
specialized training, and its subjective nature 
can lead to diagnostic differences among 
radiologists. Despite this, MRI has significantly 
advanced orthopedic understanding, especially 
in preoperative planning, by helping surgeons 
visualize anatomical relationships and 
anticipate complications more accurately. 
Ongoing research explores MRI's role in 
monitoring treatment outcomes, especially in 
children where growth affects deformities. 
With advancing technology, MRI is expected to 
reveal new applications. Techniques like 
diffusion tensor imaging and functional MRI 
(fMRI) may deepen our understanding of bone-

soft tissue relationships. Overall, MRI enhances 
diagnostic accuracy and guides effective 
treatment planning for limb deformities (45).  
 
3D Motion Capture Systems 
3D motion capture is an emerging tool for 
analyzing limb deformities during movement. It 
uses cameras and reflective markers to 
precisely track motion. Though developed in 
the mid-20th century, improvements in digital 
imaging and algorithms have made it more 
widely used in clinical and research settings (65). 
A major advantage of 3D motion capture is its 
ability to deliver objective, measurable data on 
joint movements during activities. This is 
particularly valuable for evaluating gait issues 
caused by torsional deformities, offering a 
comprehensive view of their impact on 
function (34). Analyzing gait patterns with 3D 
motion capture reveals differences in weight 
distribution, stride length, and joint angles, 
enhancing understanding of mobility issues. It 
also enables the creation of detailed 
biomechanical models, allowing doctors to 
simulate treatment options and predict 
outcomes. Preoperative simulations, for 
example, help plan surgeries by showing how 
adjustments will affect limb alignment and 
function (68). 3D motion capture is valuable for 
designing rehabilitation plans and tracking 
patient progress. Despite its advantages, it 
faces challenges like high costs, the need for 
specialized training, and time-consuming 
procedures. Still, it has significantly advanced 
limb deformity evaluation, with recent studies 
supporting its use in assessing surgical and 
orthotic outcomes. With continued 
technological development, its role in 
diagnosing limb disorders is expected to grow 
(69). 
 
Ultrasonic Methods 
Ultrasound is a valuable tool for real-time 
imaging of soft tissue structures such as 
muscles, tendons, and ligaments. However, it is 
not used for evaluating bone alignment or 
rotational deformities. Its primary orthopedic 
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applications include dynamic assessment of 
soft tissue injuries and infant hip screening 
(e.g., developmental dysplasia of the hip; DDH). 
Muscle function is best assessed clinically and 
with electromyography (EMG), rather than 
with ultrasound imaging (44). Ultrasound 
provides real-time assessments of limb 
function during movement, allowing doctors to 
observe muscle contractions and analyze 
activity and coordination. This helps identify 
how muscle imbalances or weaknesses 
contribute to limb deformities, especially in 
conditions like cerebral palsy or other 
neuromuscular disorders (69). Ultrasound is 
especially valuable for assessing limb 
deformities due to its real-time imaging of 
muscle activity and coordination, aiding in 
conditions like cerebral palsy. It enhances 
treatment by guiding procedures precisely and 
is a safe, non-invasive option—particularly 
beneficial for children. Ultrasound is 
affordable, accessible, and effective for 
diagnosing soft tissue issues and certain 
deformities like knee instability and hip 
dysplasia. However, its effectiveness relies 
heavily on the operator's skill, and it provides 
limited detail on bone structures compared to 
CT or X-rays. Despite these limitations, 
ultrasound is increasingly important in 
orthopedic evaluations, with ongoing research 
expected to expand its clinical applications (44). 
 
Photogrammetry 
Photogrammetry is a newer method for 
assessing limb deformities, using photographs 
to create accurate 3D models of anatomical 
structures. Advances in digital imaging and 
software have made it increasingly popular in 
clinical and research settings (69). 
Originally developed in the early 19th century, 
photogrammetry has recently advanced in 
medicine, offering a non-invasive, accurate, 
and cost-effective tool for assessing body 
proportions and limb deformities. By capturing 
images from multiple angles and generating 3D 
models, it allows for precise defect 

measurement, tracking changes over time, and 
detailed surface anatomy analysis (61).  
Photogrammetry is valuable for monitoring 
treatment outcomes in patients with 
congenital defects, assessing limb length 
differences, and evaluating posture. It also 
precisely tracks changes in limb geometry after 
surgery, helping determine treatment 
effectiveness (69). Despite its benefits, 
photogrammetry has limitations. Its accuracy 
depends on factors like camera quality, 
lighting, and subject positioning, and it lacks 
the ability to visualize internal bone structures 
compared to X-rays or CT. However, as 
technology advances, photogrammetry is 
becoming a valuable tool in orthopedic 
assessments. When combined with other 
diagnostic methods, it offers a more 
comprehensive view of limb deformities and 
enhances treatment outcomes (70). 
 
Computer-aided surgical simulation  
Conventional imaging techniques such as X-
rays provide only two-dimensional views, 
which may be insufficient for accurately 
assessing complex deformities like torsional 
malalignment. However, CT imaging, despite 
involving radiation exposure, offers high-
resolution cross-sectional data that is essential 
for reconstructing accurate 3D models of 
skeletal structures. In this context, 3D surface 
modeling refers to the digital reconstruction of 
the outer geometry of bones, typically based 
on CT data, allowing clinicians to visualize 
anatomical abnormalities more clearly. This 
modeling enables surgeons to simulate 
osteotomies and other corrective procedures 
in a virtual environment, enhancing 
preoperative planning by predicting surgical 
outcomes and reducing intraoperative 
uncertainty (71). Surface modeling has shown 
great benefits for surgical preparation in cases 
involving femoral anteversion and tibial 
torsion, where rotational changes may cause 
significant functional limits. By using surface 
models, doctors may more accurately assess 
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these misalignments and create appropriate 
treatment plans (72). 
Although surface modeling provides an 
accurate 3D depiction of the skeletal 
framework, it does not account for the effects 
of torsional abnormalities on mobility. To 
address this, motion capture technology has 
proven valuable. Motion capture systems use 
sensors to track real-time movement data, 
allowing for a complete understanding of how 
torsional deformities affect overall mobility 
and gait. For example, in patients with tibial 
torsion, motion capture can help identify 
compensatory movements, such as altered 
postures, that might not be visible through 
static imaging. These compensations can lead 
to secondary problems like joint pain and 
muscular strain, but motion capture allows for 
customized treatment plans that address both 
structural deformities and functional 
impairments (73).  
Integrating motion capture data with 3D 
surface models enhances surgical planning by 
enabling the simulation of post-operative 
results, improving surgical accuracy, and 
reducing the need for revision surgeries. This 
combined approach also contributes to faster 
recovery times and better functional 
outcomes, allowing surgeons to tailor 
procedures to each patient’s unique 
anatomical characteristics and movement 
patterns (72). The use of these advanced 
technologies promotes a more personalized 
and effective treatment approach, ultimately 
improving both the quality of life and mobility 
of patients. 
 
Other studies 
Gait analysis and radio stereometry (RSA) are 
advanced tools for diagnosing and treating limb 
issues, providing insights into joint mobility and 
bone stability. Gait analysis evaluates walking 
and running mechanics using high-speed 
cameras, sensors, and software, making it vital 
for assessing deformities and their impact on 
movement—especially in torsional or structural 
anomalies. It is essential for pre- and post-

operative evaluations to gauge treatment 
effectiveness. However, it requires specialized 
equipment and expertise, and its results can be 
influenced by environmental and individual 
factors (34,69,74). RSA uses simultaneous X-rays 
from multiple angles to produce highly 
accurate 3D models of bone movement, 
detecting micromotions as small as 0.1 mm. It's 
ideal for monitoring surgical outcomes, like in 
osteotomies and joint replacements. However, 
it is invasive due to required marker 
implantation and is costly (51,68,75). Together, 
gait analysis and RSA offer valuable data—gait 
analysis for functional assessment and RSA for 
precise bone alignment and stability, especially 
in long-term studies (76).  
 
Challenges to be addressed 
These difficulties have been found by means of 
analyzing the deformity evaluation techniques, 
which have been discussed in this paper: 

• CT scans and X-rays have been considered 
the gold standard for diagnosing 
deformities. However, radiation exposure 
and their inability to capture dynamic 
movement limit their usefulness making 
these methods not ideal for functional or 
ongoing assessments, underscoring the 
need for safer, more adaptable alternatives. 

• Review of functional assessment techniques 
revealed tremendous potential for gait 
analysis and 3D motion capture in assessing 
deformities' functional impact. These 
methods, however, are very susceptible to 
environmental elements and call for specific 
tools and knowledge, which causes 
variations in data collecting and more 
expenses. 

• RSA is intrusive yet accurate for measuring 
bone mobility; it requires surgical insertion 
of markers. This reduces its use in regular 
clinical practice and calls for the creation of 
less intrusive but equally exact substitutes. 

• Integration of methods: there is not a single 
approach that can solve all the structural 
and functional elements of torsional  
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deformities. Integration of imaging and 
functional assessment methods can provide 
a more complete assessment of these 
defects in clinical environments. 

 
Discussion 
This study reviewed the assessment and 
correction of lower limb deformities, 
comparing traditional approaches to advances 
in imaging technology such as 3D motion 
analysis and CAD. It emphasizes the advantages 
of non-invasive tools for surgical planning, such 
as ultrasound and digital modeling, as well as 
the importance of standardizing assessment 
procedures. The questions were discussed in 
the questions of research section, will be 
addressed in the following: 
Q1. What are the optimized parameters for 
mimicking 3D segments model in individuals 
with malalignment? 
Surface modeling and mesh modeling are the 
most successful digital 3D skeletal segment 
modeling parameters. Surface modeling 
creates a complete representation of the outer 
form of the bone, thereby enabling flawless 
fitting and alignment during the simulation 
phase. Mesh modeling defines this shape using 
a network of polygons (usually triangles), 
allowing for precise simulation and analysis, 
such as stress testing or surgical planning. 
Moreover, methods such as finite element 
analysis let one investigate mechanical 
behavior and stress distribution under various 
loads, therefore offering an understanding of 
how deformities could be corrected. 
Combining these techniques with motion 
capture data and computer-aided design 
systems increases simulation accuracy, 
enabling more personalized treatment plans 
based on the patient's anatomical and 
functional requirements. 
Q2. What are the advantages of computer-
aided surgical simulation over traditional 
approaches for correcting deformities? 
Computer-aided surgical modeling is better 
than traditional methods in many ways, 
especially when it comes to accuracy and 

patient results. Traditional methods depend on 
steady images (like X-rays) and planning by 
hand, which can lead to differences and 
mistakes. Computer-aided modeling, on the 
other hand, uses high-resolution 3D models 
that can be moved around to look at different 
surgery scenarios and make better plans. 
Studies have shown that computer-aided 
models make deformity repairs more accurate 
by giving surgeons real-time feedback on how 
the surgery went. This makes it easier for the 
surgeon to picture and carry out complicated 
procedures. The results in the real world are 
also usually better because models can predict 
and prevent problems before they happen. 
This means that surgery takes less time, 
patients are better aligned, and they heal 
faster. Also, being able to model different 
surgical methods lets doctors make 
personalized care plans that take into account 
how each person's body is built. 
Q3. What are the obstacles of using digital 
dynamic 3D skeletal segments in clinical 
practice, especially for surgical planning of 
deformities? 
High technology and software expenditures as 
well as limited access for many clinics are the 
primary difficulties. Furthermore, much needed 
is specific training to guarantee correct 
application of modern technology. Large file 
volumes and complexity of data handling might 
make it difficult. Furthermore, influencing the 
uniformity of outcomes across many 
environments is a lack of defined procedures. 
At last, patient-specific variability complicates 
the prediction accuracy of these models, 
therefore impairing their clinical practice value. 
Q4. What innovations in technology are able to 
improve the precision and accessibility of 
computer-aided simulation for deformity 
correction? 
Computer-aided simulation emphasizes several 
domains to improve accessibility and accuracy. 
Artificial intelligence and machine learning 
algorithms can greatly improve modeling 
accuracy by means of the analysis of large 
datasets, identification of patient-specific 
outcomes generated from preoperative data, 
additionally giving real-time feedback 
throughout surgery, intraoperative CT and MRI 
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will enable dynamic changes in the surgical 
plan. Provide easy-to-use interfaces for your 
program to let doctors with varying degrees of 
technical knowledge embrace it. Electronic 
health record integration and cost control will 
help to enhance communication and workflow 
of the healthcare team. 
In conclusion, this study examined the 
advancements and benefits of digital 3D 
skeletal modeling computer-aided simulation 
in the treatment of torsional anomalies. These 
sophisticated methodologies give greater 
precision in surgical planning than older 
techniques, allowing for the creation of 
bespoke models and real-time alterations 
during surgical procedures. However, the 
extensive integration of these technologies in 
clinical environments is impeded by 
considerable installation expenses, the 
necessity for specialized training, and the lack 
of defined protocols. Overcoming these 
challenges will need initiatives to lower 
technological costs, improve accessibility via 
intuitive software, and incorporate these 
advancements into current healthcare systems. 
The potential integration of artificial 
intelligence and machine learning, along with 
advancements in real-time imaging, has the 
ability to enhance the precision and efficacy of 
remedial measures for lower limb 
malalignment. Addressing these limitations, 
new technologies promise to transform the 
management of abnormalities, resulting in 
enhanced clinical outcomes and more efficient 
surgical care for patients. 
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