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Background: Dynamic 3-dimensional (3D) simulation of hip impingement enables better understanding of complex hip deformities
in young adult patients with femoroacetabular impingement (FAI). Deep learning algorithms may improve magnetic resonance
imaging (MRI) segmentation.

Purpose: (1) To evaluate the accuracy of 3D models created using convolutional neural networks (CNNs) for fully automatic MRI
bone segmentation of the hip joint, (2) to correlate hip range of motion (ROM) between manual and automatic segmentation, and (3)
to compare location of hip impingement in 3D models created using automatic bone segmentation in patients with FAI.

Study Design: Cohort study (diagnosis); Level of evidence, 3.

Methods: The authors retrospectively reviewed 31 hip MRI scans from 26 symptomatic patients (mean age, 27 years) with hip pain
due to FAI. All patients had matched computed tomography (CT) and MRI scans of the pelvis and the knee. CT- and MRI-based
osseous 3D models of the hip joint of the same patients were compared (MRI: T1 volumetric interpolated breath-hold examination
high-resolution sequence; 0.8 mm3 isovoxel). CNNs were used to develop fully automatic bone segmentation of the hip joint, and
the 3D models created using this method were compared with manual segmentation of CT- and MRI-based 3D models.
Impingement-free ROM and location of hip impingement were calculated using previously validated collision detection software.

Results: The difference between the CT- and MRI-based 3D models was <1 mm, and the difference between fully automatic and
manual segmentation of MRI-based 3D models was <1 mm. The correlation of automatic and manual MRI-based 3D models was
excellent and significant for impingement-free ROM (r¼ 0.995; P< .001), flexion (r¼ 0.953; P< .001), and internal rotation at 90� of
flexion (r¼ 0.982; P< .001). The correlation for impingement-free flexion between automatic MRI-based 3D models and CT-based
3D models was 0.953 (P < .001). The location of impingement was not significantly different between manual and automatic
segmentation of MRI-based 3D models, and the location of extra-articular hip impingement was not different between CT- and
MRI-based 3D models.

Conclusion: CNN can potentially be used in clinical practice to provide rapid and accurate 3D MRI hip joint models for young
patients. The created models can be used for simulation of impingement during diagnosis of intra- and extra-articular hip
impingement to enable radiation-free and patient-specific surgical planning for hip arthroscopy and open hip preservation surgery.
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Femoroacetabular impingement (FAI) is a major cause of
hip pain and osteoarthritis in young adult patients of child-
bearing age8 that is most often symptomatic during sports.

FAI often limits range of motion (ROM) and has been
defined by a painful early osseous abutment between the
femoral head–neck junction and the acetabular rim.8,31,44

Usually patients have pain during sports, squats, or other
dynamic activities of daily living.8,31,44 Although FAI has
been described as a dynamic osseous conflict, actual 2-
dimensional standard imaging is static and cannot
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visualize the location of impingement during these painful
activities. In addition, differentiation between intra- and
extra-articular FAI remains a challenge during clinical
examination30 because many clinical tests have low speci-
ficity.29 Extra-articular hip impingement can be located
anteriorly17 (subspine FAI) or posteriorly24 (ischiofemoral
FAI) and is associated with abnormalities of femoral ver-
sion (FV). Theoretically, abnormal FV22,33 may compensate
for or contribute to the impingement conflict and can cause
extra-articular FAI.17,20 So far, the exact effect of FV for
patients undergoing surgical treatment remains
controversial.7,16

Surgical planning of FAI surgery was limited by the
inability to assess the dynamic location of impingement.
To overcome these problems, dynamic 3-dimensional (3D)
impingement simulation to calculate impingement-free
ROM using computed tomography (CT)–based osseous 3D
models was developed.42 It allows simulation of human hip
ROM and can reproduce painful and patient-specific move-
ments of patients with symptomatic FAI and complex hip
deformities.35,39 Because of the considerable radiation expo-
sure of CT scans,48 this 3D impingement simulation is not
used routinely for patients with symptomatic FAI. For these
patients of young age, manual segmentation of magnetic res-
onance (MR) imaging (MRI)–based osseous 3D models of the
hip joint represents a noninvasive and radiation-free alterna-
tive.18 This simulation can provide a patient-specific and cir-
cumferential analysis of the deformity. Using this simulation,
we can calculate impingement-free ROM in hips with severe
deformities,35 including hips with severe cam deformities and

Legg-Calvé-Perthes disease.39 Analyzing the 3D morphology
has implications for planning of FAI surgery.36

Mainly because of the time-consuming nature of manual
segmentation, 3D MRI bone models have not been applied
routinely. In the current study, a novel MRI sequence was
added to the MRI, and convolutional neural networks
(CNNs) were used to develop fully automatic bone segmen-
tation for T1 volumetric interpolated breath-hold examina-
tion (VIBE) 3D MRI scans of the hip joint (Figure 1). In
deep learning, or machine learning, a CNN is a type of
artificial neural network that is used for image processing,
classification, and segmentation. We then used the created
MRI models for impingement simulations (Video Supple-
ment 1) and compared them with matched CT-based 3D
models of the same patients (Video Supplement 2).

The primary purpose of this study was to evaluate the
accuracy of the MRI models created using the CNN method.
Additional aims were to correlate range of hip motion of
manual and automatic segmentation and to compare the
location of intra- and extra-articular impingement on the
3D models created using this method in patients of young
age with symptomatic FAI.

METHODS

We performed an institutional review board–approved ret-
rospective and comparative study including a total of 31
hips of 26 symptomatic patients with a mean age of 27 ± 7
years. All patients exhibited anterior hip pain and a posi-
tive anterior impingement test at the time of image

Figure 1. (A) The high-resolution unilateral 3D MRI scan of the T1 volumetric interpolated breath-hold examination sequence and
(B) the MRI-based 3D model are shown. (C) An acetabular MRI-based 3D model (white) and a CT-based 3D model (red transparent)
are shown to calculate accuracy.
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acquisition. We evaluated hip MRI scans of symptomatic
patients consecutively who had been referred to our center
(Inselspital Bern, University of Bern, Switzerland) for hip
preservation surgery in a 1-year period (March 2016–Feb-
ruary 2017). Informed consent was obtained from all
patients.

Inclusion and Exclusion Criteria

Inclusion criteria were the following: symptomatic patients
with hip pain; standard anteroposterior (AP) radiographs;
radiographic signs of skeletal maturity; and availability of
both standardized pelvic CT scans and direct MR arthro-
graphy of the same hip, including the entire pelvis and
distal femoral condyles. We retrospectively reviewed our
institutional imaging database for all patients for whom
direct MR arthrography and a 3D CT scan of the pelvis and
knee were performed between March 2016 and February
2017. A total of 63 hips underwent both an MRI scan and a
CT scan; of these, we excluded 32 hips because of incom-
plete radiological data set, skeletally immature hips, previ-
ous hip surgery, and posttraumatic conditions. The
remaining 31 adult hips were evaluated for accuracy of the
3D bone model in the final study cohort (Figure 2); all par-
ticipants were part of a previous study by us.18 For
impingement simulation, 30 hips with FAI were evaluated.
One patient with hip dysplasia was not included for
impingement simulation (Figure 2).

The characteristics and radiological data of the patients
are shown in Table 1. Patients had a mean age of 27 years,

and 48% were male. All included patients were symptom-
atic at the time of image acquisition. For evaluation of accu-
racy of the 3D models, 31 hips were used. For impingement
simulation 30 hips were used. Two patients had avascular
necrosis of the femoral head.

Clinical Evaluation and Examination

The patients were examined clinically in the outpatient
clinic for hip surgery by one of our attending hip surgeons
(M.T. and K.A.S.) with experience in hip preservation sur-
gery. Preoperative planning was the reason to perform a CT
scan in addition to MRI in patients with inconclusive clin-
ical and radiographic findings and suspected extra-
articular hip impingement.

The routine clinical examination included a thorough
acquisition of the patient history, a goniometric measure-
ment of the hip ROM, and anterior and posterior impinge-
ment tests.44 The anterior impingement test was performed
routinely with the patient in the supine position and was
considered positive if the patient exhibited pain at 90� of
flexion and forced internal rotation44 (IR) combined with
adduction. The posterior impingement test (apprehension
test) was performed with the patient in the supine position
with hyperextension of the hip. It was considered positive if

Figure 2. Flowchart showing the inclusion and exclusion
criteria of the patient series. FAI, femoroacetabular impinge-
ment.

TABLE 1
Characteristics and Radiological Data of the Study Group

(N ¼ 31 Hips in 26 Patients)a

Parameter Value

Age, y 27 ± 7 (17 to 41)
Sex, % male 48
Side, % right 61
Bilateral hips, % 16
Height, cm 176 ± 6 (163 to 186)
Weight, kg 83 ± 20 (49 to 117)
Body mass index 27 ± 6 (18 to 38)
LCE angle, deg 31 ± 10 (12 to 56)
Acetabular index, deg 4 ± 8 (–15 to 20)
Extrusion index, % 20 ± 8 (1 to 36)
Alpha angle, deg 51 ± 11 (35 to 84)
FV, deg 25 ± 12 (7 to 54)
Acetabular version, deg 18 ± 6 (7 to 31)
Hip abnormalities, No. of hips (%)b

Cam-type FAI 7 (23)
Pincer-type FAI 5 (16)
Mixed-type FAI 3 (10)
Developmental dysplasia 1 (3)c

Increased FV 7 (23)
Cam-type FAI with decreased FV 5 (16)

aData are expressed as mean ± SD (range) unless otherwise
indicated. FAI, femoroacetabular impingement; FV, femoral ver-
sion; LCE, lateral center-edge.

bDefinitions were based on previously published reference
values: cam-type FAI ¼ alpha angle >60�37; pincer-type FAI26 ¼
LCE angle >40�40; mixed-type FAI ¼ combination of cam- and
pincer-type FAI45; developmental dysplasia ¼ LCE angle <22�40;
increased FV ¼ FV >25�22; decreased FV ¼ FV <10�22.

cThis patient was included for analysis of accuracy and was
excluded for impingement simulation.
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the patient exhibited pain with forced external rotation
(ER).44

Radiographic Examination

AP pelvic radiographs were obtained routinely for diagnos-
tic preoperative evaluation that was performed in a stan-
dardized manner44 with the patient in the supine position.
One observer (T.D.L.) assessed radiographic parameters
(Table 1) to describe the femoral and acetabular morphol-
ogy on AP pelvic radiographs using previously validated
software (Hip2Norm; University of Bern).43,50 Radio-
graphic diagnosis of cam- and pincer-type FAI was based
on previously published reference values on conventional
AP pelvic radiographs.40

Operative Procedures

Of the 31 hips, 19 were treated surgically. Procedures
included open hip surgery and hip arthroscopy for cam
resection and femoral derotation osteotomy. Total hip
arthroplasty was performed for 2 hips with avascular
necrosis of the femoral head.

Imaging Technique

MR arthrography was performed according to a standard-
ized protocol on a 3-T scanner (Siemens Medical Solutions).
MRI was performed using large flexible surface coils after
fluoroscopy-guided intra-articular injection of saline-
diluted gadolinium-DTPA (diethylenetriamine penta-
acetic acid; Dotarem 1:200; Guerbert AG) was performed.
In addition to the previously described routine protocol,18

we used a unilateral high-resolution T1 VIBE sequence for
segmentation of 3D models of the hip. For positioning of
landmarks, a bilateral 3D sequence of the pelvis and a bilat-
eral 3D sequence of the knee were used (Figure 1A). The
field of view (FOV) of the high-resolution unilateral 3D
sequence of the hip covered the proximal femur and the
unilateral acetabulum (Figure 1A). The FOV of the bilat-
eral 3D sequence covered the entire pelvis (Figure 1A), and
the FOV of the knee joint covered the included bilateral
distal femur.

The following 3D MR sequences18 were obtained: (1) an
axial-oblique 3D VIBE for the symptomatic unilateral hip
joint to provide high-resolution data (repetition time [TR]/
echo time [TE], 15/3.3 milliseconds; flip angles, 4� and 24�;
slice thickness, 0.78 mm; FOV, 160 � 160 mm; matrix size,
192 � 192 mm; isotropic voxel size, 0.78 mm3, acquisition
time [AT], 9 minutes for 128 slices) (Figure 1A); (2) a T1

VIBE Dixon including the entire pelvis (TR/TE1/TE2, 3.94/
1.27/2.5 milliseconds; flip angle, 9�; slice thickness, 1 mm;
FOV, 312 � 400 mm; matrix size, 175 � 320 mm; aniso-
tropic voxel size, 1.2 � 1.2 � 1 mm) acquisition time was
32 seconds for 192 slices; and (3) a second T1 VIBE Dixon
(same parameters) for the knee. The total AT was 32 min-
utes for the entire MR examination. For some patients, leg
traction was performed according to a previously described
technique.32,34

Pelvic CT scan was performed using 1-mm slice thick-
ness (Somatom Definition Flash/Edge; Siemens Medical
Solutions) as described in a previous study.39 The scanned
volume of the pelvis included the bilateral hip joints (volt-
age, 120 kVp; intensity, 300 mAs; pitch, 0.8; FOV, 50 cm;
voxel size, 1 mm3; convolution kernel, I31f) and the knee,
including the bilateral distal femur (same parameters). The
radiation dose of the pelvic CT scan was the following: the
mean dose-length product of the patient series was 295 ±
124 mGy�cm (range, 138-713 mGy�cm).

Manual Bone Segmentation

Manual segmentation of MRI- and CT-based osseous 3D
models was performed previously and by 2 different obser-
vers (C.D. and T.D.L.). This resulted in a total number of 62
3D models of 31 hip joints. Based on axial CT scan,
threshold-based segmentation of a 3D surface of the pelvis
and the femur was performed semiautomatically using
commercial software (Amira Visualization Toolkit; Visage
Imaging Inc). Based on high-resolution MRI scans (axial-
oblique T1 VIBE) of the unilateral hip, manual segmenta-
tion of MRI-based 3D models (Figure 1C) was performed.
The manual segmentation was performed individually
using the same software by 2 different observers (C.D. and
T.D.L.) and lasted up to 4 hours for each hip joint. In addi-
tion, we performed 30 manual segmentations of MRI-based
3D models for training, which are not included in the cur-
rent study.

Automatic Bone Segmentation

A deep learning–based, fully automatic method for 3D hip
joint segmentation from MRI scans was developed by one of
the authors (G.Z.). The method used (Figure 3) consisted of
2 stages. The first stage included detection of the femoral
head center (FHC) using a landmark detection network.
The detected FHC allowed cropping of the original data set,
including the joint space, the femoral head, and the acetab-
ulum. The second stage included another neural network
that was trained to segment the cropped hip joint data. The

Figure 3. The workflow for automatic segmentation of MRI-based 3D models.
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hip joint segmentation network was based on the LP-U-net,
which was introduced in a previous study.49 In this net-
work, holistic decomposition convolution and dense upsam-
pling convolution were applied at the beginning and end of
the 3D U-net, respectively. LP-U-net can reduce the gra-
phics card (graphics processing unit) memory for subse-
quential processing while incorporating larger context
information for a better performance. Automatic segmenta-
tion of 1 hip joint was performed in 1 to 5 minutes.

CNNs were used to develop fully automatic bone segmen-
tation of the hip joint for T1 VIBE images. A standard 3-fold
cross-validation study was conducted using the 3D
axial-oblique T1 VIBE MRI scans of the unilateral hip joint
of the 31 hips (see the Supplemental Material for this article).
Specifically, the 31 data were randomly split into 3 groups.
Each time, 1 group (10 hips) was used as testing data, and the
remaining 2 groups were used as training data. This process
was repeated 3 times in order that each group was used
once as testing data. We used the Dice similarity coefficient
(DSC) and average surface distance (ASD) to evaluate accu-
racy. Our method was implemented via Python using the
TensorFlow framework. Segmentation was performed on a
workstation with a 3.6-GHz Intel i7 central processing unit
(CPU, Intel Corp) and a GTX 1080 Ti graphics card with 11
GB of graphics processing unit memory.

Outcome Parameters

We used CNN for fully automatic MRI bone segmentation
of the hip joint and compared it with manual segmentation
of 3D models of the hip joint of the same patients to evalu-
ate the accuracy of 3D models created using this method.
We used patient-specific hip impingement simulation for
evaluation of impingement-free ROM and location of hip
impingement.

The manual and automatic segmentation methods were
assessed according to the following 3 outcomes: (1) accuracy
of the 3D models, (2) impingement-free ROM of the hip
joint, and (3) location of impingement. Accuracy was deter-
mined using the same commercial software (Amira) that
was used for manual segmentation. The MRI-based and
CT-based models of the same hip joint were compared in

this software using the transform editor to align 2 surfaces
(Figure 1C). After alignment, the surface distance between
two 3D models was calculated, with the CT-based model
serving as the gold standard.

Dynamic Simulation of Hip Impingement

Specific software was used to assess impingement-free
ROM and location of hip impingement. The software is
based on a validated collision detection algorithm.27

The following ROM parameters were calculated in 1�

increments: flexion, extension, IR and ER in extension,
abduction, adduction, and IR and ER at 90� of flexion. The
inter- and intraobserver correlation coefficient was large
for ROM values (of impingement simulation) in a previous
publication.18 In addition, we evaluated 2 clinically impor-
tant motion patterns with combined hip movements. The
first motion pattern is the anterior impingement test,44 also
called the flexion-adduction–IR test.3 Furthermore, with
the second motion pattern, we aimed for simulation of the
posterior impingement test (apprehension test).

The location of impingement was assessed using a clock-
face system for the femur and the acetabulum separately,
similar to previous publications.17 Intra- and extra-
articular hip impingement were assessed separately.
Extra-articular hip impingement was analyzed anteriorly
(subspine) and posteriorly (ischiofemoral). The software
uses a validated medical research framework and was
described in a previous publication.27

Statistical Analysis

Statistical analysis was performed using 2 software pro-
grams. Winstat software (R. Fitch Software) was used to
test for normal distribution using the Kolmogorov-
Smirnov test for continuous variables. The Pearson corre-
lation coefficient was used because the variables were
normally distributed. Absolute mean differences were cal-
culated for continuous ROM variables. To compare the loca-
tion of impingement between CT- and MRI-based models,
the chi-square test was used for the 12-clock positions of the
femur and the acetabulum independently. Bland-Altman

TABLE 2
Accuracy of the Fully Automatic MRI-Based 3D Models

Versus Manual MRI-Based 3D Modelsa

Parameterb
Acetabular

Models Femoral Models

Dice coefficient 97 ± 2 (92-99) 98 ± 1 (93-99)
Precision 96 ± 3 (89-99) 98 ± 2 (92-100)
Recall 97 ± 2 (89-100) 97 ± 3 (87-100)
Average surface distance, mm 0.3 ± 0.5 (0.1-3) 0.2 ± 0.1 (0.1-0.5)
Maximum, mm (also called

Hausdorff distance)
9.7 ± 8 (3-39) 5.7 ± 2 (2-13)

aData are expressed as mean ± SD (range). 3D, 3-dimensional;
MRI, magnetic resonance imaging.

bTerms are explained in the Supplemental Material.

TABLE 3
Accuracy of the Manual MRI-Based 3D Models

Versus CT-Based 3D Modelsa

Parameter, mmb
Acetabular

Models
Femoral
Models

Absolute
Difference

Average surface
distance

0.9 ± 0.2 (1-2) 0.7 ± 0.1 (0-1) 0.2 ± 0.2 (0-1)

Deviation 1.6 ± 0.3 (1-3) 1.4 ± 0.2 (1-2) 0.3 ± 0.2 (0-1)
Root Mean Square 1.8 ± 0.4 (1-3) 1.5 ± 0.2 (1-2) 0.3 ± 0.3 (0-1)

aData are expressed as mean ± SD (range). 3D, 3-dimensional;
CT, computed tomography; MRI, magnetic resonance imaging.

bTerms are explained in the Supplemental Material.
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analysis was performed to search for a systematic error
using Medcalc software (Version 17.6).

RESULTS

Accuracy of the 3D Models

The CNN model achieved a DSC of 97% for the acetabulum
and 98% for the femur (Table 2). The difference between the
automatic and manual MRI-based 3D models was <1 mm,
and the ASD was 0.3 ± 0.5 mm for the proximal femur and
0.2 ± 0.1 mm for the acetabulum (Table 2). The difference

between the CT-based and manual MRI-based 3D models
was <1 mm (Table 3).

Impingement-Free ROM of the Hip Joint

The correlation between automatic and manual MRI-based
3D models was excellent and significant for impingement-
free ROM (r ¼ 0.995; P < .001) (Figure 4A) and for flexion
(r ¼ 0.953; P < .001) and IR at 90� of flexion (r ¼ 0.982;
P < .001) (Table 4 and Figure 4, B and C). The absolute
difference was <6� for all parameters (Table 4), and the
absolute difference was <4� for flexion (3.0�) and IR at
90� of flexion (3.6�) (Table 4).

Figure 4. The correlation between automatic and manual MRI-based 3D models for (A) all range of motion (ROM) values, (B)
flexion, and (C) internal rotation at 90� of flexion and (D) the correlation between CT-based and manual MRI-based 3D models for all
ROM values.
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The correlation of impingement-free flexion between CT-
based and manual MRI-based 3D models was excellent
(r ¼ 0.953; P < .001) (Table 5). Correlation of
impingement-free ROM was excellent and significant
(r ¼ 0.994; P < .001) between manual CT-based and auto-
matic MRI-based 3D models (Figure 4D).

Location of Impingement

The location of intra-articular impingement was not signif-
icantly different between the manual and automatic
MRI-based 3D models (P ¼ .758), and the location of
intra-articular acetabular and femoral impingement did

Figure 5. Results for the location of intra-articular (A) acetabular and (B) femoral impingement. ns, not significant.

TABLE 5
Results of Automatic MRI-Based and CT-Based Calculations of Range of Motion Using Specific Softwarea

Parameter, deg
Manual CT-Based

3D Models
Automatic MRI-Based

3D Models
Absolute Difference,

MRI vs CT
Correlation Coefficient,

MRI vs CT

Flexion 122 ± 11 (98 to 141) 124 ± 12 (100 to 147) 3.5 ± 2.3 (0 to 9) 0.953
Extension 61 ± 32 (1 to 100) 63 ± 30 (0 to 100) 4.2 ± 3.0 (0 to 10) 0.987
Internal rotation in extension 114 ± 24 (84 to 169) 115 ± 21 (87 to 162) 4.4 ± 2.9 (0 to 10) 0.976
External rotation in extension 41 ± 22 (–3 to 82) 45 ± 21 (0 to 84) 3.8 ± 2.7 (0 to 10) 0.986
Abduction 61 ± 14 (22 to 82) 64 ± 14 (25 to 85) 4.2 ± 2.9 (0 to 10) 0.962
Adduction 29 ± 15 (1 to 56) 34 ± 15 (0 to 60) 5.1 ± 3.3 (0 to 11) 0.962
Internal rotation at 90� of flexion 36 ± 16 (9 to 67) 40 ± 16 (15 to 72) 5.2 ± 2.8 (0 to 10) 0.974
External rotation at 90� of flexion 99 ± 21 (32 to 125) 101 ± 21 (40 to 130) 4.0 ± 3.1 (0 to 10) 0.979

aData are expressed as mean ± SD (range). 3D, 3-dimensional; CT, computed tomography; MRI, magnetic resonance imaging.

TABLE 4
Results of the Range of Motion Values Comparing Manual and Automatic MRI-Based 3D Models Using Specific Softwarea

Parameter, deg
Manual MRI-Based

3D Models
Automatic MRI-Based

3D Models
Absolute Difference,

Manual vs Automatic MRI
Correlation Coefficient,

Manual vs Automatic MRI

Flexion 122 ± 11 (97 to 146) 124 ± 12 (100 to 147) 3.0 ± 2.8 (0 to 9) 0.953
Extension 60 ± 31 (1 to 100) 63 ± 30 (0 to 100) 4.1 ± 2.7 (0 to 9) 0.989
Internal rotation in extension 114 ± 25 (83 to 172) 115 ± 21 (87 to 162) 4.2 ± 3.2 (0 to 12) 0.981
External rotation in extension 42 ± 22 (–4 to 81) 45 ± 21 (0 to 84) 3.1 ± 2.4 (0 to 9) 0.989
Abduction 62 ± 14 (20 to 81) 64 ± 14 (25 to 85) 3.6 ± 2.3 (0 to 10) 0.969
Adduction 28 ± 15 (1 to 56) 34 ± 15 (0 to 60) 5.8 ± 2.9 (1 to 13) 0.971
Internal rotation at 90� of flexion 38 ± 16 (12 to 73) 40 ± 16 (15 to 72) 3.6 ± 2.7 (0 to 8) 0.982
External rotation at 90� of flexion 100 ± 22 (28 to 126) 101 ± 21 (40 to 130) 4.2 ± 3.2 (0 to 12) 0.974

aData are expressed as mean ± SD (range). 3D, 3-dimensional; MRI, magnetic resonance imaging.
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not differ between manual CT-based and automatic MRI-
based 3D models (P¼ .778) (Figure 5). The location of extra-
articular hip impingement was prevalent in 15 hips and did
not differ between CT-based 3D models and MRI-based
3D models of the same 15 hips.

DISCUSSION

The aim of this study was to investigate the accuracy of
these 2 methods when comparing impingement-free ROM
and location of impingement. Matched CT-based and MRI-
based 3D models of the same patients were compared. Most
importantly, we found a high accuracy (Table 2) and an
excellent correlation for ROM values between the manual
and automatic MRI-based 3D models (Figure 4). Investigat-
ing location of impingement, we did not find a clinically
relevant difference between the 2 methods (Figure 5). A
novel finding of this study is that it used a fully automatic,
radiation-free, patient-specific deep learning method
for preoperative 3D impingement simulation. CNNs per-
formed fast automatic bone segmentation of MRI-based
3D models with a duration of 1 to 5 minutes, while manual
segmentation was very time-consuming (up to 4 hours). For
future use of this technique, standardized MRI protocols
could be important. Previous investigations for MRI-
based 3D models of the hip joint and femur used other MRI
protocols, performing manual segmentation and different
methods for segmentation of the 3D models, that were not
used for clinical routine application.9,11 Various reasons,
including small FOV, long AT, inhomogeneous bone inten-
sity, or unclear boundaries between bone and the soft tis-
sue, could possibly explain that.

Comparing the results of the accuracy of the 3D models,
we found that previous studies reported a DSC of 84% to
86% upon comparing MRI segmentation for pediatric
patients with hip dysplasia.12 This is lower compared with
our results (DSC, 97%-98%) (Table 2). A previous study
investigating the accuracy of MRI-based 3D models
reported a mean error of 0.23 mm for the segmentation of
long bones. This is comparable with the results found for
the ASD in our study (Table 2). Another study reported a
higher ASD error, ranging from 0.55 to 0.75 mm, upon
investigating automatic MRI segmentation of the femoral
head and the acetabulum.4 Two previous studies9,10

reported an accuracy of 1.5 mm when investigating MRI
segmentation with another method. Other studies only per-
formed segmentation of the proximal femur1 or did not
report the DSC. This limits the comparison to the results
found in the literature. Comparing manual CT segmenta-
tion with an automatic method, others have reported an
ASD of 0.3 mm for the pelvis and the proximal femur.5 This
is a comparable value of the ASD compared with 0.2 ± 0.1
mm for femoral models and 0.3 ± 0.5 mm for acetabular
models (Table 2) in our study. This difference found in our
study is slightly lower compared with the previously
reported manual segmentation18 (range, 0.4-0.7 mm) but
does not seem to be of clinical relevance.

We compared our results for impingement-free ROM
(Table 4) with those of other studies. We found that our
results are comparable with published ROM values for hips
with anterior FAI and normal hip joints.42 Another study
found flexion to be 121� ± 12� for normal hips and IR at 90�

of flexion to be 35� ± 12�.42 Previously, a lower flexion and
IR at 90� of flexion were described for hips with anterior
FAI.42 This could be explained with the heterogeneity of the
patients in this study (Table 1). We included hips with var-
ious hip deformities; 1 hip had a severe cam deformity
(post-Perthes deformity). Therefore, the mean ROM values
do not correspond to the published values for patients with
FAI,42 although we used the same software for the calcula-
tion of ROM values27 (Table 5 and Figures 4 and 5).
Another study described similar ROM values for flexion
and for IR at 90� of flexion using a similar coordinate sys-
tem.25 Lower ROM values were described for patients with
a prominent anterior-inferior iliac spine morphology.13

We analyzed our results for location of impingement
and found that they compare well to the literature.15,38,42

For example, for hips with anterior FAI with cam- or
pincer-type morphologies, anterosuperior osseous impinge-
ment location15,42 was reported. This is consistent with the
results found in our study. An advantage is that the ace-
tabular and femoral impingement location detected during
the 2 clinically used motion patterns (anterior and posterior
impingement test) can be directly translated to the clinical
examination.

This study aimed to compare CT-based and MRI-based
3D models (see Video Supplements 1 and 2) of the hip joint
of the same patients. Previous studies compared the seg-
mentation results or the CT-based or MRI-based segmen-
tation of 3D models in cadavers28,47 or animal models47 or
with different methods for segmentation.2,6 Another
strength of this study is that this method could be used for
detailed localization of impingement, including intra- and
extra-articular FAI (Figure 4). Information about extra-
articular FAI is very important in patients with abnormal
FV17 and for patients with pincer-type FAI.20 In addition,
detailed 3D information of the acetabulum is essential for
the decision making for surgical therapy in hips with
pincer-type FAI.36 Important ROM values for anterior FAI
include flexion and IR at 90� of flexion. For both flexion
(r ¼ 0.953; P < .001) and IR at 90� of flexion (r ¼ 0.982;
P < .001) (Table 4), a good correlation between automatic
and manual MRI-based 3D models (Figure 4) and between
CT-based and MRI-based 3D models (Table 5) was
achieved.

This study has limitations. First, we exclusively included
hips without previous operations and with complete MRI
and CT data sets. Hips with previous operations often had
MRI artifacts, and we were unable to perform accurate MRI
segmentation in them. Second, we included only hips with-
out osteoarthritis (Tönnis grade >2). This was necessary
because the patients eligible for joint-preserving hip sur-
gery are often young and have no osteoarthritis. Third,
we had a small number of patients in general and especially
with severe deformities such as avascular necrosis of the
femoral head (2 hips; 6%). This is because of the study
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design with consecutive analysis of patients and because
protrusio acetabuli is a rare hip morphology. This could also
be a strength because it showed that the applied method
was applicable for severe hip deformities too. In addition,
the time-consuming manual segmentation included man-
ual steps that are potential sources of error and inter- and
intraobserver variability. To avoid this, we performed 30
manual segmentations of MRI-based 3D models for train-
ing, which are not included in the current study. Another
limitation of bone segmentation is the lack of soft tissue,
such as the capsule or acetabular labrum. This could influ-
ence hip ROM as well and could be one of the reasons for the
moderate correlation coefficient between clinical and simu-
lated ROMs for ER at 90� of flexion and for flexion (Supple-
mental Table S4 and Figure S4). The largest correlation
coefficient between clinical ROM and simulated ROM was
found for IR at 90� of flexion (Supplemental Table S4 and
Figure S4), and this parameter was considered the most
important parameter for surgical planning for patients
with FAI.

This study has clinical implications. Impingement simu-
lation allows patient-specific detection of FAI, especially
extra-articular hip impingement. This could be applied to
all patients undergoing MRI for screening for extra-
articular hip impingement before hip arthroscopy.
Patient-specific impingement simulation could be helpful
to plan cam resection for patients with extra-articular hip
impingement. Whether femoral cam resection can restore
normal ROM in patients with extra-articular hip impinge-
ment should be evaluated in the future. Treatment of hips
with extra-articular hip impingement and decreased FV is
controversial; some authors have reported that the amount
of FV does not affect the clinical outcomes after treatment
with hip arthroscopy.14 Some other surgeons have
described decreased FV as a relative contraindication to
corrective FAI surgery,25,46 as it has been found to be a risk
factor for inferior outcomes after treatment with hip
arthroscopy.7

Based on the results found in our study, we will change
our clinical practice and use automatic MRI-based 3D
models instead of CT-based 3D models for preoperative
calculation of impingement-free ROM. In addition, they
could be used for radiation-free surgical planning of hip
arthroscopy or femoral derotation osteotomy.19 Automatic
segmentation of MRI-based 3D models can potentially
reduce the need for preoperative pelvic CT scans in young
patients with hip pain. Furthermore, MRI-based 3D mod-
els allow the analysis of impingement-free ROM and
detection of FAI in pediatric patients, such as pediatric
patients with slipped capital femoral epiphysis,23,41,51

Legg-Calvé-Perthes disease,39 and hip dysplasia.21 Stan-
dardized MRI protocols are important for future use of this
technique.

We found high accuracy for the 3D MRI bone models of
the hip joint in this study. In addition, we found high accu-
racy for impingement-free hip ROM and location of
impingement using the created 3D models with the help
of deep learning (CNN) compared with manual segmenta-
tion. The location of hip impingement was not different
between CT- and MRI-based 3D models.

CONCLUSION

CNN can potentially be used in clinical practice to provide
rapid and accurate 3D MRI hip joint models for young
patients. Created models can be used for simulation of hip
impingement for diagnosis of intra- and extra-articular hip
impingement for radiation-free and patient-specific preop-
erative surgical planning for hip arthroscopy and open hip
preservation surgery. We recommend using standardized
MRI protocols for future use of this technique.
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