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Abstract

Objectives: Slipped capital femoral epiphyses (SCFE) is a common pediatric hip disease with the risk of osteoarthritis
and impingement deformities, and 3D models could be useful for patient-specific analysis. Therefore, magnetic resonance
imaging (MRI) bone segmentation and feasibility of 3D printing and of 3D ROM simulation using MRI-based 3D models
were investigated.

Methods: A retrospective study involving 22 symptomatic patients (22 hips) with SCFE was performed. All patients
underwent preoperative hip MR with pelvic coronal high-resolution images (T | images). Slice thickness was 0.8—1.2 mm.
Mean age was 12 = 2years (59% male patients). All patients underwent surgical treatment. Semi-automatic MRI-based
bone segmentation with manual corrections and 3D printing of plastic 3D models was performed. Virtual 3D models were
tested for computer-assisted 3D ROM simulation of patients with knee images and were compared to asymptomatic
contralateral hips with unilateral SCFE (15 hips, control group).

Results: MRI-based bone segmentation was feasible (all patients, 100%, in 4.5 h, mean 272 = 52 min). Three-dimensional
printing of plastic 3D models was feasible (all patients, 100%) and was considered helpful for deformity analysis by the
treating surgeons for severe and moderate SCFE. Three-dimensional ROM simulation showed significantly (p <<0.001)
decreased flexion (48 =40°) and IR in 90° of flexion (—14 = 21°, IRF-90°) for severe SCFE patients with MRl compared
to control group (122 +9° and 36 = 1 1°). Slip angle improved significantly (p<<0.00l) from preoperative 54 = |5° to
postoperative 4 * 2°.

Conclusion: MRI-based 3D models were feasible for SCFE patients. Three-dimensional models could be useful for
severe SCFE patients for preoperative 3D printing and deformity analysis and for ROM simulation. This could aid for
patient-specific diagnosis, treatment decisions, and preoperative planning. MRI-based 3D models are radiation-free and
could be used instead of CT-based 3D models in the future.
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Introduction

Slipped capital femoral epiphysis (SCFE) is a common hip
disorder in adolescents. SCFE is a well-recognized hip dis-
case that can lead to disability, femoroacetabular impinge-
ment (FAI), and osteoarthritis.!” Several femoral
osteotomies have been described to correct the deformity,
such as the Imhauser osteotomy’ (flexion osteotomy),
basicervical closing wedge femoral neck osteotomy?*
(according to Dunn), or triplane proximal femoral osteot-
omy’ or the modified Dunn procedure. In case of severe
SCFE, a modified Dunn procedure®’ may be performed to
improve hip mechanics.® Independent of the type of oste-
otomy used, deformity correction (especially in severe
chronic SCFE) can be complex due to the three-dimen-
sional (3D) deformity.® Usually, 2D radiographs are used
for diagnosis. But, radiographs are influenced by patient
positioning.’

Recently, advances in magnetic resonance imaging
(MRI) techniques and the increasing availability of addi-
tive manufacturing methods (3D printing) enabled clinical
use. One of the clinical applications is surgical planning
for orthopedic procedures. A previous study used patient-
specific CT-based 3D printed models for surgical plan-
ning’® for SCFE patients. CT-based 3D models of the bone
were previously used for pediatric deformities,'® pelvic
osteotomies,'»'? spine surgery,”* and orthopedic trauma
surgery."* But due to the radiation dose of CT scans,'
CT-based osseous 3D models have not been applied to
clinical routine so far in our institution. The use of CT
scans has increased tremendously in the last two decades. '
Using high-resolution MRI images for routine preopera-
tive MRI, we aimed for 3D printed MRI-based osseous 3D
models. MRI-based 3D printed models would enable radi-
ation-free analysis, surgical planning, and for treatment
decision of open hip preservation surgery (e.g., femoral
osteotomy or the modified Dunn procedure). Feasibility of
plastic 3D-printed models based on MRI was tested.
Therefore, (1) MRI bone segmentation and (2) feasibility
of 3D printing and (3) 3D ROM simulation using MRI 3D
models were investigated.

Methods

A retrospective study involving 22 symptomatic patients
(22 hips) with SCFE was performed. Mean age was
12 +2years (59% male, Table 1). Institutional Review
Board approval was obtained prior to this study. All patients
were from a single institution (Inselspital Bern, University
Hospital Bern, Switzerland). Inclusion criteria for this study
were the following: all patients required a diagnosis of a
symptomatic SCFE, a preoperative MRI scan of the pelvis
and surgical treatment. This resulted in 30 SCFE patients
between 09/2016 and 01/2021. Of 30 SCFE patients, 5
patients had MRI in an external institution in this time
period, 2 patients had no high-resolution images, and 1 was

Table I. Demographic information of the patient series is
shown.

Parameter Value
Total hips (patients) 22 (22)
Age at operation (year) 12 (10-15)
Gender (% male of all hips) 59
Unstable hips according to Loder et al.!” 6 hips
classification
Severity based on slip angle'®
Mild <30° 7 hips
Moderate 30°-60° 7 hips
Severe >60° 8 hips
Classification based on the duration of symptoms
Acute 2 hips
Acute on chronic 9 hips
Chronic I'l hips
Postoperative slip angle (°) 4 (2-10)

a syndromal patient. The remaining 22 SCFE patients
underwent MRI with high-resolution images in our institu-
tion and were used for bone segmentation.

Mean preoperative slip angle was 47° % 20° (range 25°—
70°), while eight patients had a severe slip and seven
patients had a moderate slip (Table 1), and seven hips had
a mild slip. Moderate SCFE was defined by a slip angle of
between 30° to 60°, also called epiphyseal-shaft angle,
while severe SCFE was defined as >60°. Most patients (16
patients) presented with a stable SCFE and six hips with an
unstable slip, according to Loder et al.'” classification.
Acute on chronic slips were noted in 9 patients, chronic in
11 patients, and acute SCFE in 2 patients (Table 1).

MR imaging

All patients underwent preoperative pelvic radiographs (ap
and lateral) and MR imaging of the hip joint and the pelvis.
Preoperative hip MRI was performed on 3Tesla (8 patients)
or 1.5Tesla scanner (Siemens Medical Solutions, Erlangen,
Germany) with large flexible surface coils and multiplanar
T1-weighted images in coronal, and PD-weighted images
in sagittal, axial, and coronal orientation. High-resolution
images (coronal pelvic T1 StarVIBE flash 3D images on
3Teslaand T1 VIBE on 1.5 Tesla) were used for diagnostic
purposes and for bone segmentation (VIBE=Volume
interpolated breath-hold examination). The field of view
(FOV) of the bilateral high-resolution images covered the
entire pelvis from the anterior superior iliac spine to the
level below the lesser trochanter (Figure 1(a)). Slice thick-
ness for T1 StarVIBE was 1.2 mm, and the voxel size was
1.2 x 1.0625 x 1.0625mm for high-resolution images
(Supplemental Table S1). For the T1 VIBE, the voxel size
was 0.8 x 0.78125 x 0.78125 mm. Detailed parameters of
the high-resolution images are provided in Supplemental
Table S1. Scan time for high-resolution images was 3 min
and 39s (T1 StarVIBE) and 5min and 11s (T1 VIBE).
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Overall scan time of the MRI examination was 30—40 min.
In addition to the routine protocol, a bilateral 3D sequence
of the knee joint (T1 VIBE Dixon) was used for eight
severe SCFE patients for ROM simulation. Unfortunately,
five of the 22 patients had no available images of the knee
joints. Three patients underwent additional 3D sequence of
the pelvis (T1 VIBE Dixon).

Figure |. Preoperative transverse (axial, top) and coronal
(below) T1-weighted MR images (StarVIBE) of a female patient
with SCFE are shown. Three-dimensional models (red) of the

SCFE side and of the contralateral side are shown (b).
MR: magnetic resonance; SCFE: slipped capital femoral epiphyses.

Image processing

Image processing of the high-resolution MR images
(Figure 1(a)) was performed in a semi-automatic fashion
using the commercial software AMIRA Visualization
Toolkit (Visage Imaging Inc, Carlsbad, CA, USA). Bone
segmentation of MR-based osseous 3D models of the ace-
tabulum and proximal femur was performed separately
(Figure 1(b)). This resulted in virtual 3D models of the hip
joints of all SCFE patients (Figure 2). High-resolution MR
images with a maximal 1.2mm slice thickness were used
for bone segmentation of 3D models (Figure 1(a) and (b)).
High-resolution MR images were processed by segmenta-
tion, smoothing, and conversion to stereolithography
(STL) 3D printable format (Video 1) by one observer with
Syears of experience in musculoskeletal radiology. For the
knee joint, the segmentation was performed separately on
axial T1 VIBE Dixon images with 1 mm slice thickness
using the same software. For the control group, asymptom-
atic contralateral hips with unilateral SCFE (15 hips) and
preoperative 3D-CT were used. The control group was
available from a previous study (Lerch, Kim and Kiapour,
2022).

Three-dimensional model printing

Virtual 3D models were converted to STL files (Video 1).
The STL files were checked for irregularities or for noise
speckles, which were removed. STL files were then opti-
mized for 3D printing using an automated mesh repair
function. Used software for slicing was UP Studio
(Tiertime Corporation). Each resulting STL file was
printed with Polylactic Acid on a 3D printer Cetus 3D
MK1 (Manufacturer Wuxi Tiertime Technology Co., Ltd.).
The cost for this 3D printer was 349 USD. The used 3D
printer had a three-axis module, a printing build volume of

Figure 2. Virtual 3D models of a male SCFE patient of the hip joint (a) and of the proximal femur (b) are shown based on bone

segmentation using high-resolution MR images.
MR: magnetic resonance; SCFE: slipped capital femoral epiphyses.
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180 x 180 x 180mm, and a total weight of 3.2kg. Plastic
3D models were printed with melted extrusion modeling
without a fill pattern with automatically generated sup-
ports. A pilot study was performed to select the most
appropriate filling pattern and printing parameters for
plastic 3D models.

Three-dimensional ROM simulation

The virtual 3D models were loaded in software for dynamic
3D ROM simulation (Figure 3). The specific software uses
a validated collision detection algorithm!® to assess virtual
hip ROM (Table 2). Flexion, internal and external rotation
in 90° of flexion, was calculated with 1° steps (Video 2).
Furthermore, combined motion patterns (Video 2) can be
analyzed, such as Drehmann’s sign or the widely used
anterior impingement test, also called the Flexion-
Adduction-internal rotation (FADIR) test.?’ Location of
impingement (Video 2 and 3) can be visualized for acetab-
ulum and femur separately.'>> The software was described
in detail in Table 2 and in previous publications.?>?

Surgical treatment

The included 22 SCFE patients underwent surgical treat-
ment: 15 hips underwent the modified Dunn procedure,
while two hips underwent surgical hip dislocation for cam
resection. Five hips with mild SCFE underwent in situ pin-
ning. The indication for the modified Dunn procedure was
hip pain and a positive Drehmann’s sign?* with moderate
to severe deformity at the proximal head-neck junction as
defined by a slip angle of more than 30°. The operative
technique of the modified Dunn procedure has been previ-
ously described in detail.”> The indication for surgical
treatment was not influenced by 3D printed models. Three-
dimensional printed models were performed retrospec-
tively after the surgical decision making.

Statistical analysis

Statistical analysis was performed using Winstat software
(R. Fitch Software, Bad Krozingen, Germany). Normal dis-
tribution was tested using the Kolmogorov-Smirnov test for
continuous variables. Radiographic measurements of the
slip angle were independently performed by one observer
not involved in surgical care of the patients. The slip angle
(continuous variable) was compared using the Wilcoxon
test because the data was not normally distributed.

Results

1. MRI-based 3D segmentation (Figure 1(b)) was
feasible in all patients (100%, duration of 4.5 h,
mean 272 * 52 min). The segmentation had a dura-
tion of more than 5 h for five patients. Bone

segmentation was more time-consuming for the T1
VIBE images (1.5 Tesla) compared to the StarVIBE
images (3 Tesla).

2. Three-dimensional printing of the 3D models
(Figure 4) was feasible in all patients (100%). All
3D printed models of moderate and severe SCFE
patients were considered helpful for deformity
analysis by the treating surgeons. Some 3D-printed
models were used for the explanation of the defor-
mity to the patients.

3. Dynamic 3D ROM simulation (Figure 3) was fea-
sible in eight severe SCFE patients with MRI
images of the pelvis and knee and enabled visual-
ization of femoral and acetabular impingement
locations. Three-dimensional ROM simulation
showed significantly (p <<0.001) decreased flexion
(48 £40°) and IR in 90° of flexion (—14 * 21°, IRF-
90°) for severe SCFE patients compared to control
group (122 =9° and 36 = 11°). For one patient with
severe SCFE, preoperative impingement-free flex-
ion was limited to 40° and to 60° (for another
patient) due to impaction-type impingement of the
metaphysis on the superior acetabular rim (Video 2
and 3). The mean slip angle improved significantly
(p<<0.001) from preoperative 54 = 15° (40-70) to
postoperative of 4 =2° (2-10).

Discussion

A retrospective study with 22 SCFE patients investigating
feasibility of MRI-based 3D printed models was per-
formed. Three-dimensional printing and ROM simulation
were feasible with virtual MRI-based 3D models of preop-
erative high-resolution MR images. The 3D ROM simula-
tion was investigated in eight severe SCFE patients.

MRI-based segmentation of 3D models and printing of
plastic 3D models were feasible in this study. It was evalu-
ated to see if this would be helpful for deformity analysis.
In addition, these MRI-based 3D models of severe SCFE
patients were used for patient-specific 3D ROM simula-
tion. Given the radiation of pelvic CT and fluoroscopy,'
decreased radiation exposure with this young patient group
of childbearing age may be beneficial. One of the potential
advantages of the 3D model was that the treating surgeon
could gain a 3D understanding of the individual and
patient-specific proximal femoral deformity and the direc-
tion of slippage. Theoretically, it is possible to simulate hip
surgery using the printed plastic 3D models to plan the
amount of correction that would need to be performed to
optimize hip range of motion (e.g., optimal femoral oste-
otomy or cam resection to avoid subsequent FAI).

This is one of few studies that used radiation-free MRI
images for 3D printing of patient-specific 3D models
(Figure 4). Another strength of this study is that this
method allows the visualization of hip impingement
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Figure 3. Impingement simulation without impingement (a) and with impingement (b, red area) in 90° of flexion is shown for
a patient with severe SCFE. The location of impingement is shown with the red area (b) on the superior acetabulum and on the
anterior metaphysis using 3D impingement simulation and MRI-based 3D models.
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Table 2. Details of the collision detection software using patient-specific osseous 3D models of the hip joint.

Software tool

Description/definition

Anterior pelvic plane (APP) was used as
acetabular reference coordinate system
Femoral reference coordinate system

tubercles.

Defined by landmarks of both anterosuperior iliac spines and the pubic

Defined by landmarks of the femoral head center, the knee center, and both

femoral condyles.

Automatic rim detection

Best-fitting sphere algorithm
Equidistant method

Distribution of the impingement zones
Clockface coordinate system

For automatic detection of the osseous acetabular rim.

For identification of the femoral head center.

For virtual impingement-free hip motion analysis.

Was calculated using a previously described clock face system.

Three o’clock was defined anteriorly for both right and left hips. The 6 o’clock

represents the acetabular notch.

Intra-articular impingement

Intra-articular locations included the acetabular rim on the acetabular side and

the femoral head and neck on the femoral side.

APP: anterior pelvic plane.

Figure 4. Two 3D printed plastic models of the proximal of a
patient with severe SCFE (right) and moderate SCFE (left) are
shown.

SCFE: slipped capital femoral epiphyses.

(Figure 3). For evaluation of anterior FAI, flexion and
internal rotation in 90° of flexion?! were used for simula-
tion of the anterior impingement test (also called FADIR
test). Detailed 3D information about the size and shape of
the lunate surface is important for the decision making for
surgical therapy in patients with FAI.2

A novel finding is that segmentation of MRI-based 3D
models was possible with routine MRI images. Former
investigations for MRI-based 3D models of the hip joint
and femur used different MRI protocols (not during clini-
cal routine application) and different methods to generate
the 3D models.?”-?® Various reasons including long acquisi-
tion time, small FOV, inhomogeneous bone intensity, or
unclear boundaries between bone and the soft tissue could
explain that. To the best of the author’s knowledge, no
other study investigating the feasibility of MRI-based 3D

models for SCFE patients was found in the literature.
Previous studies compared the bone segmentation results
or the CT-based or MRI-based generation of 3D models in
cadavers®-* or with different patients or methods for bone
segmentation.?

This study has several important clinical implications.
Surgical treatment of SCFE was limited by surgeon’s
inability to preoperatively assess the exact location of hip
impingement. Impingement location was observed intra-
operatively. But, preoperative radiation-free methods for
planning and executing any femoral osteotomy are lack-
ing for SCFE patients.® To address this problem, MRI-
based 3D models using software for collision detection
were evaluated. But, due to the radiation dose of CT
scans,'? this software has not been applied to clinical rou-
tine for SCFE patients in our institution. The routine use
of CT scans seems not suitable for adolescents or young
patients of childbearing age. Previous studies used CT
scans for 3D modeling for SCFE patients.>"32 This CT
method allows detailed simulation of hip preservation
surgery (such as osteochondroplasty or femoral osteot-
omy) for SCFE patients’!*> of childbearing age. For
severe SCFE patients, different types of femoral osteoto-
mies can be simulated while the effect of cam resection
(osteochondroplasty) on hip range of motion can be simu-
lated for mild SCFE patients.3? CT scans with dose reduc-
tion or low dose protocol could be used, but this decreases
the bone-soft tissue contrast, and this makes it difficult for
bone segmentation. Routine clinical application of
MR-based 3D models can potentially reduce the need for
preoperative CT scans in young and active patients of
childbearing age with hip pain due to SCFE. Furthermore,
MR-based 3D models could allow the future application
of ROM simulation in children with other hip deformities
such as FAI and hip dysplasia. In addition, cartilage and
labrum damage could be evaluated using MRI, and this
could help for preoperative planning if open intra-articu-
lar hip surgery is needed.



Lerch et al.

For FAI patients, 3D-printed models are an important
tool to treat complex or combined hip deformities and
improve surgical outcomes.’*¢ Full-sized 3D models of
the proximal femur allow for better understanding of the
direction of slippage and visualization of the unique 3D
deformity of SCFE and therefore improve preoperative
planning, which resulted in shorter surgery time, less fluo-
roscopy exposure, and lower complication rate.’

Preoperative planning is crucial when performing cor-
rections of complex 3D deformities. Traditionally, orthope-
dic procedures were planned using radiographs or 2D CT
scans and other methods to determine optimal bone align-
ment. This is especially challenging in patients with SCFE
because the deformity of the femoral epiphysis shows
malalignment in all three dimensions (coronal, sagittal, and
axial). In addition, the severity of deformity in each plane
varies between patients and can cause FAI. Three-
dimensional printing of 3D models provides a unique
opportunity to better understand the deformity and to deter-
mine the patient-specific correction needed to optimize hip
biomechanics. In addition, these 3D models were printed at
relatively low costs (350 dollars for the 3D printer used for
this study). However, this is not a low-cost method, consid-
ering the costs for MRI scan (estimated 500-600 dollars,
depending on scan time and other factors) and the estimated
costs for up to 45 h of image processing. This method may
not be applicable to low-income countries.

The study had a number of limitations. The study group
has limited power because a small patient sample size was
reviewed retrospectively. This was primarily due to the low
incidence of moderate to severe stable SCFE at a single
institution. In the current study, 3D modeling of the osseous
pelvis and the proximal femur was used for each patient,
without taking into account soft tissue (labrum, muscles, or
cartilage). This is a well-known limitation for computer
simulation of hip ROM.?! Due to image artifacts during the
acquisition of MRI in patients with previous operations and
screw fixation, patients with previous operations were not
evaluated in the current study. This limits the applicability
of this method to patients without implants, which could be
the case, for example, after previous in situ pinning. MRI
examinations are expensive and have limited availability,
this limits applicability worldwide. In addition, manual
corrections and steps were performed during the bone seg-
mentation of the 3D models. Manual correction of bone
segmentation and manual localization of osseus landmarks
are examples of performed manual steps. These manual
steps are potential sources of error and interobserver vari-
ability and are time-consuming. Future studies could inves-
tigate automatic and less time-consuming methods for bone
segmentation. In addition, we could not demonstrate
improved treatment decision making or patient-specific
preoperative planning in the current study. However, previ-
ous studies demonstrated the usefulness of CT-based 3D
models for 3D modeling*'*? and for 3D printing® for severe

SCFE patients. Therefore, it can be assumed that MR-based
3D models could be as helpful as CT-based 3D models for
these patients, although not directly investigated in this
study.

Conclusion

MRI-based 3D models of the hip for SCFE patients were
feasible for 3D printing. Three-dimensional models can be
useful for severe SCFE patients for 3D printing and for
ROM simulation. This could aid for patient-specific pre-
operative planning and could help with deformity analysis.
Three-dimensionally printed MRI-based models are radia-
tion-free and could be used instead of CT-based 3D models
for the simulation of open hip preservation surgery such as
femoral osteotomy.
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