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Feasibility of Computer-Aided Design
in Limb Lengthening Surgery: Surgical
Simulation and Guide Plates
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Objective: To evaluate the feasibility and utility of computer-aided design (CAD) in surgical treatment of leg length dis-
crepancy (LLD) using monorail external fixators.

Methods: In the present case series, we retrospectively analyzed seven patients diagnosed with LLD who
were surgically treated using a monorail external fixator between June 2018 and August 2020. A personal-
ized surgical emulation of each patient was designed using CAD based on preoperative CT scans to measure
limb parameters. Through reverse engineering, a surgical guide plate was then designed to assist with
correcting the limb deformity. Patient general information and clinical history, leg length, mechanical lateral
distal femoral angle (mLDFA), anatomical anterior distal tibial angle (aADTA), and surgical parameters were
recorded during the perioperative period. Three months after external fixator removal, distraction-consolidation
time (DCT), healing index (HI), and lower extremity function score (LEFS) were calculated, and statistically
analyzed by paired T-test.

Results: The mean limb lengthening achieved was 6.41 + 2.54 (range, 3.30-10.54) cm with either varus or valgus
correction. The mean operative duration was 151 +£41.87 (84-217) minutes and mean blood loss was 53.58 &
22.51(25-87) ml. The mean distraction-consolidation time was 3.67 + 1.13 (range, 2.5-6.0) months and mean exter-
nal fixator duration was 11 + 2.45 (range, 8-14) months. The mean healing index (HI) was 18.11 4+ 3.58 (range,
12.8-22.7) days/cm. Mean LEFS scores improved postoperatively from 32.17 + 8.57 (range, 24-45) to 61.17 +
6.68 (range, 50-67) with a significant difference (T = -14.26,P <0.001).

Conclusions: Simultaneous length and angular correction can be achieved by incorporating CAD into the surgical
treatment of patients with LLD, without compromising postoperative lower limb function. CAD demonstrates utility in
the surgical treatment of LLD by improving the functionality of monorail external fixators.
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Introduction

Leg length discrepancy (LLD) is one of the more com-
mon limb deformities. A 2005 review reported greater

than 90% of the general population have at least a 1 mm

discrepancy in leg length'. Numerous factors contribute to

LLD, including congenital dysplasia and trauma injuries™”.

Mechanical imbalance of the lower limbs leads to pelvic tilt

and compensatory scoliosis, followed by impaired mobility
and hip pain. LLD may also cause imbalance in load distri-
bution through the lumbar discs and facet joints contribut-
ing to degenerative changes in intervertebral joints* ™, LLD
is frequently accompanied by abnormal bone angles,
adding to the physical and mental burden placed on
patients. Accordingly, the early diagnosis and treatment of
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LLD can substantially improve patient satisfaction and
quality of life.

LLD is currently diagnosed based on measurement of
the lower limbs from two-dimensional standing radio-
graphs”®. However, three-dimensional parameters provide
improved reliability over two-dimensional images. A more
comprehensive understanding of preoperative parameters
informs treatment options. LLD can be treated conserva-
tively or surgically depending on the complexity and sever-
ity of each case. An LLD of less than 2 cm can be corrected
using insoles or extracorporeal orthoses, while an LLD
greater than 2 cm is commonly considered an indication for
surgical intervention’. A variety of lengthening methods
have been utilized clinically including the Ilizarov appara-
tus, monorail external fixator, and intramedullary lengthen-
ing nails, each with their specific strength and
weaknesses'”!". The Ilizarov apparatus, commonly known
as the circular external fixator, is one of the earliest devel-
oped external fixators and represents a robust device used
in the surgical correction of complex deformities'?. How-
ever, the complex installation procedure exposes patients to
increased surgical duration which exponentially increases
the risk of postoperative complications. The Taylor spatial
frame is a modified version of the Ilizarov apparatus, which
uses computer software to calculate the required angular
rotations, displacement, and the overall lengthening
required. However, this device relies on patient compliance
and is comparatively more expensive'>'*, The monorail
external fixator is frequently used in leg lengthening surger-
ies due to ease of usage and provision of adequate structural
support. A commonly reported weakness of the monorail
fixator is the strict requirement for proper alignment of
Schanz screws during installation. The magnetic lengthen-
ing nail is a novel apparatus recently introduced for limb
lengthening'®. The major advantage of this apparatus is the
lack of a need for extracorporeal devices; however, it is lim-
ited by the small range of lengthening (3-4 c¢m) it can pro-
vide. Previous studies have reported an increased risk of
implant failure after 15 months following fixation, which
warrants careful consideration in patients requiring pro-
longed fixation'®. In addition, patients with LLD may pre-
sent with an angular deformity, which further increases the
technical difficulty of surgical correction, leading to
increased risks of surgical complications. The different
lengthening strategies presently in clinical use are unable to
provide a satisfactory solution in every LLD patient, which
further emphasizes the need for improved treatment
methods.

The main treatment principle of LLD is lengthening of
the shortened leg in order to achieve a physiological limb
length similar to the healthy leg. Accurate measurement of
the difference in limb length must first be performed,
followed by the selection of a suitable limb lengthening
method. An LLD limb accompanied by angular deformities
increases the complexity of correction, in which traditional
treatment methods may not suffice. Acquiring and
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processing the various parameters then changes a medical
obstacle into a mathematical issue. CAD has been widely
used in the field of orthopaedics and is garnering increasing
attention. A previous review on the application of
computer-assisted surgery and 3D printing reported
improved treatment satisfaction and aesthetics in maxillofa-
cial orthopaedic surgeries'’. Xin et al. reported successful
CAD-based preoperative surgical simulations and pedicle
subtraction osteotomy guide plates in the treatment of
thoracolumbar deformities, with results showing accurate
intraoperative osteotomyls. Through reverse engineering
software, preoperative patient data can be quantitatively
analyzed to allow emulation of the surgical procedure and
design of a personalized treatment plan for both surgeon
and patient. Coupled with 3D printing, preoperative surgical
simulation is then performed in the form of a surgical guide
plate, which assists in replicating the surgical procedure.
This minimizes dependence on the subjective judgment of
individual surgeons, thereby reducing overall technical diffi-
culty and surgical risks in addition to shortening surgical
duration.

Based on clinical trends in LLD patients and the need
for personalized treatments, novel customized approaches
are required to increase treatment efficacy and patient satis-
faction. In the present study, we developed computer-aided
surgical emulation and 3D-printed guide plates to allow
simultaneous correction LLD and angular deformities using
monorail external fixators. According, the present study
aimed to: (i) measure and analyze patient limb parameters at
a 3D level; (ii) evaluate the utility of preoperative computer-
assisted surgical simulation of the surgical procedure;
(iii) evaluate the feasibility of CAD-designed surgical guide
plates in improving the surgical treatment of LLD patients
using a monorail external fixator.

Methods

Patient Population

Clinical data of patients undergoing surgical treatment of
LLD at our medical center between June 2018 and August
2020 was retrospectively collected and analyzed. The inclu-
sion criteria for the present study was: (i) voluntary partici-
pation and signed informed consent; (ii) diagnosis of LLD
with a length discrepancy greater than 2 cm requiring surgi-
cal correction. The exclusion criteria for this study were:
(i) lost to follow-up; (ii) received other lengthening treatment
prior to surgery. This study was approved by the local ethics
institute (K-2018-137-04) and all patients provided signed
informed consent before surgery.

Preoperative Limb Parameters

All patients underwent preoperative computed tomography
(CT) of the lower limbs. During preoperative CT scanning,
a metal object was placed at the approximate surgical site
and marked to facilitate the design and proper placement of
the surgical guide plate. Raw DICOM data were entered
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into Mimics 21.0 (Materialize Software, Leuven, Belgium,
USA) to reconstruct a 3D model of the lower extremities.
The resulting STL files were then transferred to Imageware
13.0 (UGS Corporation, Plano, Texas, USA) to compare
healthy and affected limbs (limb length and either
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mechanical lateral distal femoral angle, mLDFA, or ana-
tomical anterior distal tibial angle, aADTA, were recorded;
Figure 1). During preoperative planning, other lower limb
angles including anatomical and mechanical femoral or tib-
ial angles could also be modeled. However, for the purpose
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Fig. 1 Computer-aided design of the surgical plan. (A) Three-dimensional reconstruction of the lower limb. (B) Limb parameters of the lower limb,
showing accurate measurements of the mLDFA. (C and D) Surgical emulation of tibial and femoral osteotomy. (E) Personalized design of the surgical
guide plate used in each surgery. (F) Registration of the guide plate to the operated limb in the CAD surgical simulation. (G and H) Simulation of
postoperative placement of the external fixator and simultaneous correction of length and angle



2076

ORTHOPAEDIC SURGERY
VOLUME 14 *« NUMBER 9 * SEPTEMBER, 2022

of the present study, only mLDFA and aADTA angles were
included.

After the input of STL data into Imageware, the area
of interest could be selectively displayed or hidden. A direct
visual understanding of the deformity in multiple views
could be obtained through rotation, adjustment of STL data,
and the mirroring function. Using the point-based rendering
function, we were able to accurately measure the length of
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the lower limb and angle parameters to compare the healthy
and affected limb.

Surgical Simulation and Guide Plate Design

A personalized surgical plan was then designed according to
the complexity of each patient, with an example shown in
Figure 1. Our surgical guide plates were designed with the
healthy limb used as reference. We first determined the site

Fig. 2 Representation of a typical case of LLD in our study (A) Preoperative appearance of the affected limb, showing a prominent valgus deformity.
(B) Completed 3D-printed resin-based surgical guide plate. (C) Placement of the surgical guide plate on the operated limb. (D and F) Semi-circular
channels on the surgical guide plates acting as sleeves for Schanz Screws. (E and G) Intraoperative installation of a monorail external fixator.

(H) Postoperative appearance of the LLD limb, showing valgus correction and installation of the external monorail
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of deformity as either femoral or tibial, and the site of osteo-
tomy was then selected according to the affected bone. Oste-
otomy was emulated within the software and abnormal limb
parameters were corrected by rotation and movement to
achieve satisfactory surgical positioning. Schanz screw place-
ment and trajectory were determined on the premise that the
mechanical axis of the affected limb was restored. After the
position and trajectory of the Schanz screws had been deter-
mined, the corrected bone was restored to its deformed state.
A surgical guide plate was then constructed based on reverse
engineering, allowing surgical emulation of osteotomy site
location and determination of vertical screw trajectory from
the bone towards the skin. Convex protrusions and semi-
tubular channels were added to the guide plate to function as
landmarks for proper instrument positioning. Semi-tubular
channels on the guide plate ranging from 15 to 20 mm in
width acted as drill sleeves to ensure perpendicular insertion
of Schanz screws without the need for additional equipment.

3D Printing of Patient-Specific Guide Plates

The guide plates used in the present study were resin-based
and have been certified for use with medical devices as they
provide adequate stability and rigidity. All guide plates used in
this study were printed at the National Organization Function
Reconstruction Technology Research and Engineering Center
of South China University of Technology. Guide plates were
printed using photocuring integrated molding technology and
then sterilized before usage (Figure 2).

Surgical Method

Patients were placed in supine position after anesthesia and
the surgical site was disinfected. The guide plate was then
placed upon the exposed skin according to the preoperative
simulation. An incision of 1 cm length was made below each
screw placement channel and deep tissues were separated
using forceps. A Kirschner wire was drilled into the proximal
and distal tracks of the drilling channel to stabilize the guide
plate and act as a marker for the position of screw insertion.
Wires on the proximal and distal channels were kept in place
in order to prevent movement of the guide plates. A Kirschner
wire was then drilled into each channel to allow proper
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positioning of the Schanz screws. After removal of the
Kirschner wire from the channels, the resulting aperture on
the bone was used to facilitate screw insertion. An incision 1-
2 cm in length was then made below the osteotomy site mar-
ked on the guide plate and the bony surface was then exposed.
Osteotomy was completed using miniature drills and an
osteotome.

In cases requiring tibial lengthening, fibular osteotomy
was performed from the mid-upper section of the lower leg
to prevent lateral malleolus instability. Drilling tracks were
made in accordance with axial position after surgical correc-
tion rather than anatomical presentation during surgery,
thereby allowing simultaneous lengthening and angular cor-
rection. Schanz screws were then drilled into each channel
and the external fixator was fixed upon each screw following
osteotomy. A typical surgical procedure is shown in Figure 2.

Postoperative Rehabilitation and Management

Patients were administered intravenous antibiotics to prevent
postoperative infection of the surgical site. Lower limb move-
ment, sensation, and blood flow were monitored for postoper-
ative neurovascular traction injury. Patients were encouraged
to begin bedside rehabilitation (flexion of the knee and hip)
starting from the second postoperative day. After postopera-
tive radiology, the external fixator was lengthened at a rate
lower than 1 mm/day; however, rates differed for each patient
according to adjacent soft tissue and pain intensity. Patients
were followed up for 6 months after surgery (1, 2, 3, and 6
months). A radiographic assessment was performed at each
follow-up visit to evaluate the degree of extension and bone
consolidation. The external fixator was removed only after sat-
isfactory extension and bone bearing capacity was confirmed.
Three months after removal of the external fixator, patients
were followed-up to evaluate bone consolidation.

Patient Parameters

Patient operative evaluation was performed by measuring
intraoperative blood loss and operative duration. Postopera-
tive evaluation was performed by measuring the following
parameters.

TABLE 1 Patient parameters

Case Gender/age (y) Diagnosis Bone Discrepancy (cm) Angle (°)
1 M/21 Post-traumatic Epiphyseal Arrest Femur (L) 6.64 51.96°
2 M/13 Congenital LLD Tibia (R) 10.54 80.25%
3 F/10 Fibrous Dysplasia Tibia (L) 8.43 102.57°
4 F/1 Tibial Pseudarthrosis Tibia (R) 3.30 138.10°
5 F/11 Congenital LLD Tibia (R) 4.10 79.03°
6 F/12 Post-traumatic Epiphyseal Arrest Tibia (R) 4.88 132.70%
7 F/9 Fibrous Dysplasia Tibia (L) 7.15 102.57°
2mLDFA, mechanical lateral distal femoral angle. ® aADTA, anatomical anterior distal tibial angle.
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Distraction-Consolidation Time (DCT)
Distraction-consolidation time (DCT) is defined as time from
surgery to radiographic evidence of bone consolidation in
three-fourths cortices, reflecting the formation of bone callus.
Evaluation of DCT assists in determining suitable postopera-
tive weight-bearing and removal of the external fixator.

JJ%I.!JJJJ
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Healing Index (HI)

Healing index (HI) is defined as the ratio of number of post-
operative days until consolidation to the length of bone con-
solidation (days/cm). The index can be used to evaluate the
rate of bone growth and tailor personalized postoperative
functional exercise plans.

U,JJJJJJ

Fig. 3 Perioperative and follow-up radiographs of a typical LLD patient in our study. (A) Preoperative radiographs showing an apparent LLD. (B/C/D/
E) Follow-up radiographs at day 1, 1 month, 2 months, 3 months, and 6 months after surgery demonstrating bone generation after lengthening.
(F) Follow-up radiograph at 8 months after surgery demonstrating adequate lengthening allowing removal of the external fixator. (G) Patient follow-up

at 3 months after removal of the external fixator
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Fig. 4 Computer-aided design of the surgical plan. (A) Three-dimensional reconstruction of the lower limb. (B) Limb parameters of the lower
limb. (C) Personalized design of the surgical guide plate used in each surgery. (D) Registration of the guide plate to the operated limb in the CAD
surgical simulation. (E and F) Simulation of the postoperative placement of the external fixator and the simultaneous correction of the length
and angle

Lower Extremity Function Score (LEFS)
Lower extremity function scores are derived from a question- | perform everyday tasks. Scores were measured before surgery
naire containing 20 questions regarding the ability to | and after removal of external fixators.
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Fig. 5 Representation of another typical case of LLD. (A) Preoperative appearance of the affected limb, showing a prominent valgus deformity.

(B) The 3D printed resin-based surgical guide plate. (C) Placement of the surgical guide plate on the operated limb and inset Schanz Screws.

(D) Intraoperative installation of a monorail external fixator. (E) Postoperative appearance of the LLD limb, showing valgus correction and installation

of the external monorail

Statistical Analyses

Data collected were recorded as mean =+ standard deviation
and analyzed in SPSS version 22 (IBM Corp., Armonk, NY,
USA). The paired T-test was used to compare lower extrem-
ity function scores. P-values less than 0.05 were regarded as
statistically significant.

Results

General Results

A total of seven patients diagnosed with LLD who underwent
surgical correction at our hospital between June 2018 and
August 2020 were included in the present study. The mean
patient age was 11 4+591 (range, 1-21) years. The study
population comprised two male and five female patients.
Except for two patients with congenital LLD, five patients
had acquired disease (two cases of post-traumatic epiphyseal
arrest, two cases of fibrous dysplasia, and one case of tibial
pseudarthrosis). Three patients had LLD with knee varus,
two with knee valgus, and two with tibial procurvatum. The
basic parameters of each patient are shown in Table 1. A
typical case in our study is represented in Figure 3
(a separate typical case is shown in Figures 4-6).

Intraoperative Results

All surgical procedures were performed according to preop-
erative surgical simulation and surgical design. Closed osteo-
tomy and Schanz screw placement were performed with the
aid of a surgical guide plate without the need for
intraoperative fluoroscopy. The mean number of Schanz
screws used in the study was 9.57 £ 2.29 (range, 6-13). The
mean operative duration was 151 +41.87 (range, 84-217)

minutes and the mean intraoperative blood loss was 53.58 +
22.51 (range, 25-87) ml.

Functional Evaluation

All patients underwent standard postoperative care, func-
tional rehabilitation, and regular wound dressing changes.
Blood chemistry was monitored at regular intervals to evalu-
ate postoperative conditions and patients were discharged
upon having normal levels of inflammatory indices. Radio-
graphs were taken at each follow-up appointment. Patient
parameters were as follows: the mean length of extension in
all the operated limbs was 6.41 4 2.54 (range, 3.30-10.54)
cm. Mean DCT was 3.67 £ 1.13 (range, 2.5-6.0) months
and the mean retention time of the external fixator was
11 £ 2.45 (8-14) months. The mean final HI was 18.11 &+
3.58 (12.8-22.7) days/cm. Lower extremity function score
criteria were used for preoperative and postoperative evalua-
tion. One patient in our study was too young for lower limb
function scoring. The mean LEFS score increased from
32.17 + 8.57 (range, 24-45) to 61.17 * 6.68 (range, 50-67)
after surgery (T = -14.26, P <0.001), the data was shown in
Table 2.

Complications

During the follow-up period, two patients presented at
1 week and 1 month after discharge, respectively, with ery-
thema and edema at the needle outlet. Both patients were
readmitted to the hospital and treated symptomatically with
regular dressing change and intravenous antibiotics. Infec-
tion was diagnosed upon confirmation of increased inflam-
matory indicators; C-reactive protein and procalcitonin.
Bacterial culture was conducted on exudates and suitable
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Fig. 6 Perioperative and follow-up radiographs of a typical LLD patient in our study. (A) Preoperative radiographs showing an apparent LLD. (B/C/D/
E) Follow-up radiographs at day one, 1 month, 2 months, 3 months, and 6 months after surgery, showing bone generation after lengthening.

(F) Follow-up radiograph at 8 months after surgery showing adequate lengthening and ready for removal of the external fixator. (G) Patient follow-up at
3 months after removal of the external fixator

TABLE 2 Postoperative outcomes. LEFS could not be evaluated in one patient in our study (Case 4) due to young age

Case Lengthening(cm) Angle (°) Nails Used External Fixation Period(m) DCT(m) Follow- Up(m) HI (d/cm) LEFS (pre/post)
1 6.35 86° 13 14 3.5 17 16.3 38/66

2 9.86 837 9 8 6 13 17.1 24/50

3 7.93 94° 9 9 3.6 12 12.8 35/67

4 2.94 87° 6 11 2.5 14 22.8 —/—

5 3.82 90? 9 9 3.1 13 22.7 45/66

6 4.59 85° 12 14 3 17 18.5 24/57

7 6.84 88 9 12 4 15 16.8 27/61
2mLDFA, mechanical lateral distal femoral angle. ® aADTA, anatomical anterior distal tibial angle.
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antibiotics were selected for each patient. Patients were dis-
charged after resolution of inflammatory indices and

symptoms.

Discussion

CAD increases the accuracy of the analysis of LLD
parameters

The presence of LLD disrupts limb biomechanics, leading to
pelvic tilt and compensatory scoliosis commonly manifesting
as an improper pressure distribution on lumbar vertebrae
and articular processes™®. This leads to progressive immobil-
ity, pain, and progressive degeneration of the lower limbs
and joints. Symptomatic LLD greater than 2 cm is com-
monly accepted as an indication for surgical correction'.
This further emphasizes the importance of accurately
obtaining limb parameters to determine surgical indications
in individual patients. In the present study, we measured
limb parameters (length, curvature, and angular measure-
ments) from 3D reconstructions obtained from limb CT
scanning. This allowed us to obtain multiple measurements
from several angles, an advantage over 2D imaging which
may be unable to sufficiently display lesions or defects due to
a planar view'”.

Preoperative CAD-based Simulation Improves the

Surgery Procedure

Previous studies have reported the advantages of preopera-
tive surgical simulation, particularly for complex orthopaedic
surgeries”>'. We utilized reverse engineering using patient
preoperative parameters, the healthy limb, patient age,
epiphyseal growth plates, and parental height as references.
Personalized treatment and surgical plans were then
designed for individual patients by selecting a suitable degree
of lengthening, site for osteotomy, trajectory of screw inser-
tion, and number of screws required. Multiple comparisons
of different surgical plans were performed allowing for selec-
tion of the most suitable strategy. This method allows for
comprehensive testing and prediction of operative outcomes.
Surgical treatment was performed according to the pre-
determined surgical strategy, effectively reducing dependence
on personal subjectivity. Farsetti et al. and Tjernstrom et al.
reported intraoperative blood loss ranging from 150 to
600 ml using traditional treatment procedures’>*’. In the
present study, the mean intraoperative blood loss volume
was significantly lower at 53.58 +22.51 (range, 25-87)
ml. This may be due to the small incision used in our surger-
ies minimizing soft tissue trauma, indicating a further benefit
of CAD-based surgical emulation. In addition, we did not
encounter intraoperative changes from the surgical plan in
our case series, further demonstrating the utility of CAD as a
surgical guide.
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CAD Guide Plate Assisted-Monorail External Fixation
Provides a Suitable Surgical Method for the Treatment

of LLD

The monorail external fixator allows axial extension and is
relatively easier to install compared to the other apparatus
currently used clinically. Decreased technical difficulty
shortens operative duration and the improved mobility
increases patient satisfaction. However, this approach has a
major flaw of not being able to correct angular deformities of
the limb**, In the present study, we used a computerized sim-
ulation of the surgical method and personalized guide plates
during the installation of the monorail external fixator. We
were able to accurately insert the fixator screws into their
desired positions after angular correction even prior to sur-
gery without the need for multiple intraoperative radiographs.

Surgical guide plates have been widely used in trauma
and spine surgeries and have been reported to improve the
overall surgical process>>*°. However, in our study, the usage
of guide plates greatly attenuated the precision Schanz screw
positioning. Traditionally, determination of screw trajectory
is performed using multiple intraoperative fluoroscopies to
avoid fixation failure or injury to surrounding vasculature
and nerves’”*®, Computerized design based on preoperative
parameters allows for more personalized guide plate design
and surgical planning through preoperative emulation.
Increasing the precision of screw positioning during fixation
greatly reduces the risk of articular rupture and fixation fail-
ure. Computer-assisted planning of the osteotomy also
shortens overall operative duration, further reducing
intraoperative bleeding, and effectively omits the risk of radi-
ation exposure during surgery.

Using CAD-based preoperative surgical emulation and
3D-printed surgical guide plates to guide surgical procedures,
we found follow-up parameters (DCT, HI, LEFS) were com-
parable to other studies of leg lengthening surgical proce-
dures. Zak et al.*® utilized magnetic-actuated intramedullary
nails to treat LLD limbs in their case series of 19 patients
and reported an average DCT and HI of 8.4 months and
72.8 days/cm respectively. In a similar study, Cosic et al.'”
reported an average DCT and HI of 8.9 months and HI of
83 days/cm using PRECICE nails in the treatment of
21 patients with LLD. However, the average age of the par-
ticipants in these studies was 43 and 36.4 years, respectively,
which may explain the relatively high numerical value for
the reported DCT and HI values due to adults having poorer
bone healing functions than adolescents. In a study by
Szymczuk et al.”® comparing treatment results following the
use of monorail external fixators with a mean patient age of
9.4 years and intramedullary nails with a mean patient age of
15.4 years, the average HI was 29.3 days/cm and 34.77
days/cm, respectively, showing no statistical significance. The
mean DCT and HI in our study was similar to the results
reported in the studies mentioned above, showing promising
LLD treatment results. CAD-based surgical emulation and
3D-printed guide plates demonstrates utility in aiding the
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surgical treatment of LLD using external monorail fixators.
Accurate osteotomy and screw placement allows for simulta-
neous correction of length and angular deformity, thereby
improving postoperative quality of life.

Limitations

The primary limitation of the present study was the small
retrospective case series due to the long duration of external
fixation leading to loss of patients from follow-up. Proper
positioning of the surgical guide plate on the skin of the
operated limb may also represent a technical limitation. Skin
and muscles have a degree of elasticity, leading to difficulties
in the proper placement of the surgical guide plate according
to preoperative designs and causing a shift in the pre-
determined position of the screw trajectories and osteotomy.
The surgical guide plates used in the present study
maintained a fixed position of the proximal and distal
Schanz screws relative to the osteotomy line. A small degree
of displacement of the osteotomy does not affect the treat-
ment result (both mLDFA and aADTA). In cases where
angular correction of the LLD limb deviates 5° from the pre-
operative plan, computer-assisted design can be implemented
to manufacture a personalized external fixator using the orig-
inal screws.

Conclusion

In the present study, the use of computer-aided design of
guide plates and personalized surgical planning through
emulation allowed surgical correction based on 3D modeling.
Incorporation of CAD into the diagnostic procedure pro-
vides a more comprehensive understanding of each LLD
limb. Combining surgical simulation and surgical guide
plates allows more personalized LLD surgery. Future studies
of different types of external fixators in larger study popula-
tion, combining augmented reality or infra-red marking, are
required to further strengthen the benefits and overcome the
limitations of our reported method.
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