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Abstract
Background The time-consuming and user-dependent
postprocessing of biochemical cartilage MRI has limited
the use of delayed gadolinium-enhanced MRI of cartilage
(dGEMRIC). An automated analysis of biochemical threedimensional (3-D) images could deliver a more timeefﬁcient and objective evaluation of cartilage composition,
and provide comprehensive information about cartilage
thickness, surface area, and volume compared with manual
two-dimensional (2-D) analysis.

Questions/purposes (1) How does the 3-D analysis of
cartilage thickness and dGEMRIC index using both a
manual and a new automated method compare with the
manual 2-D analysis (gold standard)? (2) How does
the manual 3-D analysis of regional patterns of dGEMRIC
index, cartilage thickness, surface area and volume compare with a new automatic method? (3) What is the interobserver reliability and intraobserver reproducibility of
software-assisted manual 3-D and automated 3-D analysis
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of dGEMRIC indices, thickness, surface, and volume for
two readers on two time points?
Methods In this IRB-approved, retrospective, diagnostic
study, we identiﬁed the ﬁrst 25 symptomatic hips (23
patients) who underwent a contrast-enhanced MRI at 3T
including a 3-D dGEMRIC sequence for intraarticular
pathology assessment due to structural hip deformities. Of
the 23 patients, 10 (43%) were male, 16 (64%) hips had a
cam deformity and 16 (64%) hips had either a pincer deformity or acetabular dysplasia. The development of an
automated deep-learning-based approach for 3-D segmentation of hip cartilage models was based on two steps:
First, one reader (FS) provided a manual 3-D segmentation
of hip cartilage, which served as training data for the neural
network and was used as input data for the manual 3-D
analysis. Next, we developed the deep convolutional neural
network to obtain an automated 3-D cartilage segmentation
that we used as input data for the automated 3-D analysis.
For actual analysis of the manually and automatically
generated 3-D cartilage models, a dedicated software was
developed. Manual 2-D analysis of dGEMRIC indices and
cartilage thickness was performed at each “full-hour” position on radial images and served as the gold standard for
comparison with the corresponding measurements of the
manual and the automated 3-D analysis. We measured
dGEMRIC index, cartilage thickness, surface area, and
volume for each of the four joint quadrants and compared
the manual and the automated 3-D analyses using mean
differences. Agreement between the techniques was
assessed using intraclass correlation coefﬁcients (ICC).
The overlap between 3-D cartilage volumes was assessed
using dice coefﬁcients and means of all distances between
surface points of the models were calculated as average
surface distance. The interobserver reliability and intraobserver reproducibility of the software-assisted manual
3-D and the automated 3-D analysis of dGEMRIC indices,
thickness, surface and volume was assessed for two readers
on two different time points using ICCs.
Results Comparable mean overall difference and almostperfect agreement in dGEMRIC indices was found between the manual 3-D analysis (8 6 44 ms, p = 0.005;
ICC = 0.980), the automated 3-D analysis (7 6 43 ms, p =
0.015; ICC = 0.982), and the manual 2-D analysis.
Agreement for measuring overall cartilage thickness was
almost perfect for both 3-D methods (ICC = 0.855 and
0.881) versus the manual 2-D analysis. A mean difference
of -0.2 6 0.5 mm (p < 0.001) was observed for overall
cartilage thickness between the automated 3-D analysis
and the manual 2-D analysis; no such difference was observed between the manual 3-D and the manual 2-D
analysis.
Regional patterns were comparable for both 3-D methods.
The highest dGEMRIC indices were found posterosuperiorly (manual: 602 6 158 ms; p = 0.013, automated:
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602 6 158 ms; p = 0.012). The thickest cartilage was found
anteroinferiorly (manual: 5.3 6 0.8 mm, p < 0.001; automated: 4.3 6 0.6 mm; p < 0.001). The smallest surface area
was found anteroinferiorly (manual: 134 6 60 mm2; p <
0.001, automated: 155 6 60 mm2; p < 0.001). The largest
volume was found anterosuperiorly (manual: 2343 6
492 mm3; p < 0.001, automated: 2294 6 467 mm3; p <
0.001). Mean average surface distance was 0.26 6
0.13 mm and mean Dice coefﬁcient was 86% 6 3%.
Intraobserver reproducibility and interobserver reliability
was near perfect for overall analysis of dGEMRIC indices,
thickness, surface area, and volume (ICC range, 0.962–1).
Conclusions The presented deep learning approach for a
fully automatic segmentation of hip cartilage enables an
accurate, reliable and reproducible analysis of dGEMRIC
indices, thickness, surface area, and volume. This timeefﬁcient and objective analysis of biochemical cartilage
composition and morphology yields the potential to improve patient selection in femoroacetabular impingement
(FAI) surgery and to aid surgeons with planning of acetabuloplasty and periacetabular osteotomies in pincer FAI
and hip dysplasia. In addition, this validation paves way to
the large-scale use of this method for prospective trials
which longitudinally monitor the effect of reconstructive
hip surgery and the natural course of osteoarthritis.
Level of Evidence Level III, diagnostic study.

Introduction
Cartilage damage at the time of surgery is a major predictor
of clinical outcome after the surgical correction of femoroacetabular impingement (FAI) [16, 17, 31] and hip
dysplasia [3, 28, 61]. Assessment of classic radiographic
signs of osteoarthritis is important for surgical decisionmaking, but changes on plain x-rays become visible only
late in the natural history of the disease, and it might be
helpful both prognostically and therapeutically if more
sensitive tests were available. Although more accurate than
radiographs, morphologic MRI with intraarticular contrast
cannot visualize early biochemical damage to the cartilage
matrix [17]. By contrast, the use of biochemical MRI
sequences such as delayed gadolinium-enhanced MRI of
cartilage (dGEMRIC) [12], T2 [21], T2* [8], or T1rho [4]
are sensitive to early degenerative changes in cartilage
composition. Among these techniques, dGEMRIC is perhaps the one used most commonly in the hip [11, 12, 23,
24, 26, 43, 44]. dGEMRIC is based on the depletion of
negatively-charged glycosaminoglycan molecules that are
replaced by the negatively charged gadolinium. A low
dGEMRIC index indicates advanced biochemical cartilage
damage and is an accurate predictor for mid-term failure
after periacetabular osteotomy (PAO) for hip dysplasia
[12, 26].
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Although rapid three-dimensional (3-D) high-resolution
MRI techniques for biochemical assessment of cartilage
quality are available, they are not widely used in clinical
practice [66]. Instead, an expert reader assesses biochemical
MRIs manually on reformatted two-dimensional (2-D)
images. Despite being prone to inter- and intraobserver variability and quite labor intensive, manual assessment of
reformatted 2-D images is the current gold standard for
assessing biochemical cartilage MRI [66]. In current practice,
most of the 3-D data are not used, in favor of a more timeefﬁcient analysis [49]. To overcome this limitation,
researchers have developed techniques for a more automated
[10, 14, 20, 39, 49] computer-assisted 3-D assessment of
biochemical cartilage damage. These techniques are based on
the manual labelling or segmentation of cartilage to
generate a 3-D cartilage model. These data then are used to
train an algorithm to automatically generate 3-D models of
hip cartilage. However, some of the available approaches
require multiple manual steps [14, 20, 49] and are based on
asymptomatic volunteers only [10], while others used MRI
sequences, which are difﬁcult to implement in clinical
practice because of relatively long image-acquisition times
[14, 20, 39]. In addition to assessing cartilage quality, the use
of 3-D MRI offers the possibility to simultaneously provide
information on cartilage thickness, cartilage surface area, and
cartilage volume, thus allowing for a potentially improved
comprehensive hip assessment. However, to our knowledge,
there are no studies validating a fully automatic MRI-based
3-D segmentation of cartilage models for the assessment of
dGEMRIC, thickness, surface, and volume of hip cartilage
in symptomatic patients with structural hip deformities
using a deep learning approach. Brieﬂy, deep learning is a
class of newer machine-learning methods that can produce a
mapping from raw inputs to desired outputs, such as image
segmentation. Unlike traditional machine-learning methods,
which require hand-crafted feature extraction from input
data, deep-learning methods can learn features directly from
data. Deep learning-based methods, particularly those based
on deep convolutional neural networks, can directly map
whole volumetric data to its volume-wise labels. To date,
deep learning approaches have been applied successfully in
medical image analysis including musculoskeletal applications such as knee segmentation [35, 40, 65].
Therefore, we asked: (1) How does the 3-D analysis of
cartilage thickness and dGEMRIC index using both a
manual and a new automated method compare with the
manual 2-D analysis (gold standard)? (2) How does
the manual 3-D analysis of regional patterns of dGEMRIC
index, cartilage thickness, surface area and volume compare with a new automatic method? (3) What is the interobserver reliability and intraobserver reproducibility of
software-assisted manual 3-D and automated 3-D analysis
of dGEMRIC indices, thickness, surface, and volume for
two readers on two time points?
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Patients and Methods
Study Design and Patient Population
Following institutional review board approval, we
performed a retrospective, diagnostic study on the ﬁrst 25
symptomatic hips undergoing a contrast-enhanced MRI at
3T including a 3-D dGEMRIC sequence to assess intraarticular pathology due to structural hip deformities at a
tertiary care center.
We included the ﬁrst 25 hips (23 patients) who had not
undergone previous hip surgery and had a complete
dGEMRIC scan. This group of patients was identiﬁed
within a sample of 105 patients (116 hips) who underwent a
dGEMRIC scan between September 2012 and April 2016.
Eleven hips (11 patients) underwent subsequent jointpreserving hip surgery. Ten hips (10 patients) underwent a
surgical hip dislocation for FAI correction, and one hip (one
patient) underwent an anteverting periacetabular osteotomy
to correct an acetabular retroversion. Mean age was 31 6 9
years (range, 20–48 years) and 10 males (43%) and 13
females were included. A cam deformity was present in 16
hips (64%). Six hips (24%) had acetabular dysplasia, four
hips (16%) had a deep acetabular socket, and six hips (24%)
presented with acetabular retroversion (Table 1).

Radiographic Evaluation
All patients underwent biplanar radiographic hip imaging,
including a supine AP pelvis view and a cross-table view
[60]. One author (FS) who has 5 years of experience in diagnostic imaging of degenerative hip disease performed an
image analysis and assessed the presence of osseous
deformities on the AP pelvic view. A validated computerized
method was used (software Hip2Norm, University of Bern,
Bern, Switzerland) for measuring radiographic parameters
[55, 59, 64]. The alpha angle was measured on radial MRIs
[36] and angles > 60° served as cut-off for a cam deformity
[54]. Femoral torsion was measured according to Murphy
et al. [33]. Hip dysplasia was deﬁned as a lateral center-edge
(LCE) < 22° [57], a deep hip as a LCE > 39° [57] and
acetabular retroversion as a positive cross-over sign, posterior wall sign and ischial spine sign [48], respectively.

MR Imaging Protocol
All patients underwent an indirect MR hip arthrography
according to a standardized technique for dGEMRIC on a
3T scanner (Trio; Siemens, Erlangen, Germany) [44] using a
6-channel ﬂexible body-matrix phased-array coil. In the two
patients who had dGEMRIC scans of both hips, the image
acquisition was performed on two different days, one day for
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Table 1. Demographic and morphologic characteristics of
study group
Demographic parameters

Study group

Number of patients (hips)
Age (years)
Male sex (%)
Left side (%)
Tönnis osteoarthritis grade
[45], hips (%)

23 (25)
31 6 9 (20–48)
10 (43)
14 (56)
Grade 0: 12 (48)
Grade 1: 13 (52)
66 6 16 (37–94)
23 6 10 (7–46)
131 6 6 (122–147)
30 6 10 (14–53)
16 (64)

Alpha angle (°)
Femoral torsion (°)
Neck-shaft angle (°)
Lateral center edge angle (°)
Number of hips (%) with a cam
deformity (a > 60°)
Number of hips (%) with hip
6 (24)
dysplasia (LCE < 22°)
Number of hips (%) with a deep
4 (16)
hip (LCE > 39°)
Number of hips (%) with
6 (24)
acetabular retroversion
(positive COS, PWS, ISS)
Surgical treatment, hips (%)
8 (32) surgical hip dislocation
2 (8) surgical hip dislocation
with derotational osteotomy
1 (4) anteverting
periacetabular osteotomy
Values are expressed as mean 6 SD with range in parentheses;
LCE = lateral center-edge; COS = cross over sign; PWS =
posterior wall sign; ISS = ischial spine sign.

each hip. After intravenous injection of gadolinium contrast
agent (0.2 mmol/kg, Gd-DTPA2-, Magnevist, Bayer, Leverkusen, Germany) patients were instructed to walk for 15
minutes. The dGEMRIC sequence was acquired 45 minutes
to 70 minutes after injection. A standard dual-ﬂip angle,
isovoxel 3-D gradient-echo technique was acquired in the
axial-oblique plane [44]: Repetition time of 15 milliseconds
(ms), echo time of 3.3 ms, ﬂip angles of 4°, and 24°, 160 x
160 mm ﬁeld of view, matrix size of 192 x 192. Original
voxel size was 0.83 x 0.83 x 0.8 mm, the integrated interpolation was used and ﬁnal voxel size of the axially
reformatted images was 0.24 x 0.24 x 1 mm. Acquisition
time was 8:46 minutes for 128 slices. No additional prescan
for B1 correction was performed.

Post-imaging Processing and Development of the
Neural Network
We have developed a deep-learning-based approach for
3-D segmentation of hip cartilage models. Deep learning
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is a class of machine-learning methods. One of the big
advantages of deep-learning methods over traditional machine learning methods is that deep learning methods can
produce a mapping from raw inputs to desired outputs,
such as image classes, segmentation, etc, by learning features directly from data while traditional machine learning
methods require hand-crafted feature extraction from
inputs. With the advent of large datasets and increased
computing power offered by the graphical processing
units, deep-learning-based methods, especially those based
on convolutional neural networks, have become more
widely available. In these methods, artiﬁcial neurons are
arranged in multiple layers and there are weighted connections between neurons in different layers. The exact
weights are obtained via a process called training where
example pairs of inputs and target outputs are used to iteratively adjust the weights by back-propagating a corrective error signal through the network. As soon as a deep
network is trained, it can be used to obtain the desired
output from a given testing data.
Development of the fully automatic deep-learningbased approach for 3-D segmentation of hip cartilage
models was based on two steps (Fig. 1A-C). At ﬁrst, 3-D
training data of hip cartilage was provided, to develop a
deep neural network capable of performing fully automatic
3-D segmentation of hip cartilage. To obtain the training
3-D cartilage models, one reader (RH) who was speciﬁcally trained performed a manual threshold-assisted segmentation of combined hip cartilage layers using Amira
software (FEI, Hillsboro, Oregon, USA) (Fig. 1B). This
was performed on 1-mm thick, axial reformatted gradient
echo images obtained at a ﬂip angle of 24°, which yield a
better morphologic visualization of cartilage than the actual
dGEMRIC map. True axial reformats were obtained since
this orientation is preferred when performing manual cartilage segmentation in our institution. The gradient echo
images obtained at a ﬂip angle of 24° were used for training
the deep neural network and later on for testing. Since ﬂip
angle images represent the raw data for calculating
dGEMRIC values, both image sets are perfectly aligned.
After completion, all images were reviewed for accuracy in
consensus with a reader (FS), leading to the ﬁnal manual
3-D segmentation. Automatic segmentation was performed
using a deep-learning-based method.
The development of the actual neural network was
based on a two-stage method (Fig. 2). In the ﬁrst stage, two
landmarks, such as the femoral head center and femoral
fovea capitis, were detected by using a multitask landmark
detection network (Fig. 3). The landmark detection network follows an encoder-decoder architecture with long
and short skip connections. The encoder part focuses on
analysis and feature representation learning from the input
data while the decoder part generates landmark heatmaps.
It was designed to regress heatmaps of all landmarks. Each
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Fig. 1 A-C The three diﬀerent methods for assessment of morphologic and biochemical cartilage damage are shown. (A) For the
manual two-dimension (2-D) analysis, which served as the gold-standard for measuring dGEMRIC indices and cartilage thickness,
radial 2-D images were reformatted from the three-dimension (3-D) dataset. Measurement was performed at each full-hour position
of the clock face. (B) For the manual 3-D analysis, we performed a manual segmentation of the cartilage layers. These manual 3-D
models were used as input data into the cartilage analyzer software (University of Bern, Bern, Switzerland) to calculate dGEMRIC
indices, thickness, surface area, and volume. (C) The manually segmented 3-D cartilage models were used to train a deep neural
network to be a fully automatically segmented 3-D cartilage model. This automatically segmented 3-D model was used as input
data into analysis software to calculate dGEMRIC indices, thickness, surface area, and volume (automated 3-D analysis). Study
design: (1) dGEMRIC indices and cartilage thickness as measured with the manual 3-D- and the automated 3-D analysis were
compared against the manual 2D analysis. (2) Measurements of dGEMRIC indices, thickness, surface area and volume of each
quadrant were compared between the 3-D manual analysis and the 3-D automated analysis.

landmark detector had its own decoder part but shared the
same encoder part to encourage effective feature learning.
The detected landmarks allowed us to crop the original data
around the femoral head region such that at the second
stage, we could train another network to segment cartilage
from the cropped volume. Our cartilage segmentation

network was based on the Latent3DU-net that we introduced in our previous work [63], where prior shape
knowledge were incorporated into a voxelwise semantic
segmentation. Additionally, based on the manual 3-D
segmentation, we also deﬁned the locations for two anatomical landmarks for each patient, such as the femoral

Fig. 2 A schematic illustration of the two-stage deep learning based method for cartilage segmentation is shown. At ﬁrst, the
femoral head center and the femoral fovea capitis were identiﬁed with the use of a multitask landmark detection network (Fig. 3).
After that the original data was cropped to include the hip only. Then the Latent3DU-net cartilage segmentation network was
applied.
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Fig. 3 A schematic view of the multitask landmark detection network that was used for detection of the femoral head center and
the fovea capitis is shown. This is based on an encoder-decoder architecture with long and short skip connections. The encoder part
was used for feature learning from the input data, the decoder part was used to generate the landmark heatmaps. The numbers
below each block follow the pattern of “number of feature stack@data size.”

head center and femoral fovea capitis, which were then
used to generate the ground truth heatmaps for training
landmark detectors. Our method was implemented with
Python using TensorFlow framework on a workstation
with a 3.6GHz Intel® i7 CPU and a GTX 1080 Ti graphics
card with 11GB GPU memory.
Given the manual segmentation of 25 hip MRIs, we
developed a standard ﬁve-fold cross-validation study to
evaluate the efﬁcacy of the developed method. More speciﬁcally, we evenly split the 25 hip MRIs and the associated manual segmentation into ﬁve groups. Each time, one
group was taken out as the testing data while the remaining
four groups were taken as the training data. This procedure
was repeated ﬁve times such that each group was used once
as the testing data. To visualize the dGEMRIC indices in
3-D, we developed an in-house program (Cartilage Analyzer, University of Bern, Bern, Switzerland). This program ﬁrst uses the generated segmentation results (either

manually or automatically) to mask out the cartilage from
the dGEMRIC volume and further to create surface meshes
of the cartilage. The 3-D visualization of the color-coded
maps correspond to the voxels located at the respective
surfaces (Fig. 4A-C). A dGEMRIC index-to-color map is
then displayed in a 3-D rendering of the corresponding
cartilage meshes, taking the 3-D rendering of the surrounding osseous structures as background. The morphologic (thickness, surface area, and volume) and
biochemical measurements can be allocated to four quadrants in the region speciﬁed by the user.

Variables, Outcome Measures
Manual placement of regions of interest (ROI) was performed by one reader (FS) (Fig. 1A). Twelve radial
dGEMRIC- and radial morphologic ﬂip-angle images were

Fig. 4 A-C (A) An AP pelvis x-ray shows a 48-year-old woman with mild hip dysplasia (LCE angle = 19°). (B) The Manual 3-D analysis
is shown. (C) The automated 3-D analysis is shown with dGEMRIC indices color-coded. The red indicates regions of low dGEMRIC
indices demonstrating low glycosaminoglycan content corresponding to biochemical cartilage damage and vice-versa for blue.
(B) Using the manual 3D analysis, the mean dGEMRIC index was 513 ms and cartilage surface area was 1394 mm2. This was
comparable to (C) the automated 3-D analysis which yielded a mean dGEMRIC index of 514 ms and a cartilage surface area of
1257 mm2. (B) Overestimation of the manual 3-D analysis (Table 3) for measuring thickness in the anterioinferior quadrant resulted
in a diﬀerence of 1.6 mm compared to the automated 3-D analysis.
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reformatted and allocated to the 12 clock-face positions
using a previously described method [27, 47]. For anatomic
allocation, the acetabular teardrop, which reﬂects the
midpoint of the acetabular notch, was used as a reference
for the 6 o’clock position with the 12 o’clock position
located directly opposed to it. Based on that, each “full
hour” position on the clock-face position was deﬁned at
every two slice gaps of the 12 reformats [27, 47]. For assessment of dGEMRIC indices, ROIs included both directly opposed femoral and acetabular cartilage layers (Fig.
1A). We assessed cartilage thickness by measuring the
peripheral and central joint space widths and calculating
the mean. This was performed for 10 of 12 possible clockface positions per hip. No measurements were performed at
the 5 and 6 o’clock positions, which are usually devoid of
cartilage. This manual 2-D analysis was performed with
Osirix software (Version 6.0, Geneva, Switzerland [42]).
For comparison against the manual 2-D assessment, the
manually segmented 3-D cartilage models (Fig. 1B) and
automatically segmented 3-D cartilage models (Fig. 1C)
were used as input data for the Cartilage Analyzer software
for 3-D analysis. Analogously to the manual 2-D analysis
the mean dGEMRIC indices and mean cartilage thickness
was calculated with ROIs at the same 10 clock-face positions except for the 5- and 6 o’clock positions. For anatomic allocation, we inspected the 3-D models and
identiﬁed the midpoint of the inferior acetabular notch as
the 6 o’clock position with the 12 o’clock position located
directly opposite to it. Based on that each full-hour position was deﬁned at every 30° of the 360° circumference.
For comparison between the manual 2-D analysis and the
two 3-D analyses the ROIs of each clock-face position
were clustered into the four quadrants for each of the 25
hips [44]: 100 (25 hips each 4 clock-face positions, 12–3
o’clock) ROIs for the anterosuperior-, 100 (25 hips each 4
clock-face positions, 9–12 o’clock) ROIs for the posterosuperior-, 50 (25 hips each 2 clock-face positions, 3–4
o’clock) ROIs for the anteroinferior- and 75 (25 hips each 3
clock-face positions, 7–9 o’clock) ROIs for the posteroinferior quadrant. dGEMRIC indices and cartilage
thickness of the manually and automatic segmentation 3-D
cartilage models were compared against the manual 2-D
analysis, which served as gold standard. Differences in
accuracy of the 3-D methods relative to the manual 2-D
method were compared.
The manually and automatically segmented 3-D models
were used for calculation of mean dGEMRIC indices,
mean thickness, surface, and volume of hip cartilage using
the Cartilage Analyzer software. The four parameters were
compared among the four quadrants for both 3-D techniques. To assess the accuracy of the fully automatic cartilage
segmentation method, we used the corresponding manual
segmentation as the reference to calculate dice coefﬁcients
[13] and average surface distance. The dice coefﬁcient

quantiﬁes the overlap of two binary volumetric data by
normalizing the sizes of their intersection over the average
of their sizes. The average surface distance is the average of
all the distances from points on the boundary of an automatically segmented cartilage to the boundary of a manually segmented cartilage.
Two independent readers (FS, TDL) performed a repeated analysis for all 25 hips. They analyzed each quadrant using the Cartilage Analyzer to assess the
intraobserver reproducibility and the interobserver reliability of this software to calculate dGEMRIC, cartilage
thickness, cartilage surface, and cartilage volume. The repeated analysis was performed 4 weeks after the original
analysis. The manually and automatically segmentation
3-D models were used as input data for the Cartilage Analyzer software.

Statistical Analysis
Descriptive statistics (mean, SD, range) were calculated.
Normal distribution was evaluated using the KolmogorovSmirnov test. Mean differences were calculated and tested
with paired t-tests or Wilcoxon rank-sum tests. Of note,
inherent to the way differences in means are calculated,
results can be smaller than the nominal image resolution.
Agreement between the segmentation techniques was
assessed with intraclass correlation coefﬁcients (ICC) including 95% conﬁdence intervals (CIs). To assess the accuracy of the fully automatic cartilage segmentation
method, we calculated the average surface distance and
dice coefﬁcients between the automatically segmented
cartilages, and the manually segmented cartilages. Analysis of variance was performed to assess regional patterns
using both 3-D methods. If a signiﬁcant difference was
observed pairwise comparisons were performed and
p values (0.05/4 = 0.013 adjusted for four groups) were
adjusted with the Bonferroni correction for the four quadrants. Reproducibility and reliability were assessed with
the ICC including 95% CIs. The ICC was graded as ICC <
0.20 for slight; 0.21 – 0.40 for fair; 0.41 – 0.60 for moderate; 0.61 – 0.80 for substantial; and > 0.80 for almostperfect agreement [32]. We used SPSS version 25.0 (IBM,
Armonk, New York, USA) for statistical analysis.

Results
Comparable mean overall difference and almost perfect
agreement in dGEMRIC indices were found between the
manual 3-D analysis (8 6 44 ms, p = 0.005), the automated
3-D analysis (7 6 43 ms, p = 0.015), and the manual 2-D
analysis (Table 2). The regional dGEMRIC comparison
showed comparable differences (range, -15 ms to 18 ms;
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Table 2. Comparison between manual 3-D, automatic 3-D analysis versus the manual 2-D gold standard analysis for overall
dGEMRIC indices and cartilage thickness
Manual 2-D
Parameter
Manual 2-D: dGEMRIC (ms)
Manual 3-D: dGEMRIC (ms)
Automatic 3-D: dGEMRIC (ms)
Manual 2-D: thickness (mm)
Manual 3-D: thickness (mm)
Automatic 3-D: thickness (mm)

Overall
548 6 161
556 6 162
555 6 161
3.5 6 0.9
3.6 6 0.7
3.4 6 0.8

Mean diﬀerence

p value

ICC

8 6 44; p = 0.005
7 6 43; p = 0.015

0.153

0.980 (0.975–0.985)
0.982 (0.976–0.986)

0 6 0.6; p = 0.672
-0.2 6 0.5; p < 0.001

< 0.001

0.855 (0.814–0.887)
0.881 (0.829–0.915)

Values are expressed as mean 6 SD; values in parentheses represent 95% conﬁdence intervals; ICC = intra-class correlation
coeﬃcients; ms = millisecond; mm = millimeter.

Table 3) and almost perfect agreement (range of ICCs:
0.974 – 0.985; Table 4). Agreement for measuring overall
cartilage thickness was almost perfect for both 3-D methods (ICC = 0.855 and 0.881) versus the manual 2-D analysis (Table 2). A mean difference of -0.2 6 0.5 mm (p <
0.001) was observed for overall cartilage thickness between the automated 3-D analysis and the manual 2-D
analysis; no such difference was observed between the
manual 3-D and the manual 2-D analysis (Table 2). In the
anteroinferior quadrant, cartilage thickness assessed with
the manual 3-D analysis differed by 0.5 6 0.7 mm (p <
0.001) compared with the manual 2-D analysis (Table 3);
no such difference was observed between the automated
3-D analysis and the manual 2-D analysis (Table 3).
Agreement for measuring regional cartilage thickness
ranged from substantial to almost perfect (ICC range,
0.635–0.864) for both 3-D methods versus the manual 2-D
analysis (Table 4).
Regional morphologic and biochemical cartilage
patterns were not different with the numbers available for
both 3-D methods (Table 5). We found the highest
dGEMRIC indices posterosuperiorly (manual: 602 6
158 ms, p = 0.013; automated: 602 6 158 ms, p = 0.012).
We found the thickest cartilage anteroinferiorly (manual:
5.3 6 0.8 mm, p < 0.001; automated: 4.3 6 0.6 mm, p <
0.001). The smallest surface area was found anteroinferiorly (manual: 134 6 60 mm2, p < 0.001; automated: 155 6 60 mm2, p <0.001). Overall surface area
ranged from 1088 mm2 to 2378 mm2 for the manual 3-D
and from 1089 mm2 to 2812 mm2 for the automated 3-D
analysis. The largest volume was found anterosuperiorly
(manual: 2343 6 492 mm3, p < 0.001; automated: 2294 6
467 mm3, p < 0.001). Overall volume ranged from
3871 mm3 to 8284 mm3 for the manual 3-D and from
3868 mm3 to 7237 mm3 for the automated 3-D analysis.
The greatest mean difference was found in cartilage
thickness (1.1 6 0.7 mm; p < 0.001) and cartilage surface
area (221 6 36 mm2; p = 0.008) of the anteroinferior
quadrant (Table 6). Comparison of both 3-D cartilages

models showed and a mean dice coefﬁcient of 86 6 3%
(range, 79%–90%) and a mean average surface distance of
0.26 6 0.13 mm (range, 0.11–0.62 mm).
Intraobserver reproducibility and interobserver reliability were almost perfect for analysis of dGEMRIC
indices, thickness, surface area, and volume (ICC range,
0.962–1) using either 3-D method (Table 7) for two readers
and two different timepoints.

Discussion
Compared with radiographic- and 2-D morphologic MR
imaging, 3-D biochemical imaging MR imaging techniques are more sensitive to the prearthritic cartilage
degeneration that precedes morphological damage, and
they offer the theoretical possibility to perform a volumetric analysis. However, the time-consuming and userdependent postprocessing of biochemical cartilage MR
images has limited the wide use of techniques like
dGEMRIC [66]. To overcome this limitation, we
developed a fully-automated method for 3-D cartilage
segmentation using a deep-learning-based approach and
validated this approach in patients with structural hip
deformities, taking manual segmentation as the reference. This approach, after training, could directly map a
volumetric 3-D cartilage to its volume-wise labels
thereby providing an accurate, reliable, and reproducible
automated 3-D analysis of cartilage composition,
thickness, surface area, and volume. This time-efﬁcient
and objective analysis of biochemical cartilage composition and morphology yields the potential to improve
patient selection in FAI surgery and to aid surgeons with
planning of acetabuloplasty and periacetabular osteotomies in pincer FAI and hip dysplasia. In addition, this
validation paves way to the large-scale use of this
method for prospective trials that longitudinally monitor
the effect of reconstructive hip surgery and the natural
course of osteoarthritis.

Copyright © 2019 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.

Clinical Orthopaedics and Related Research®

< 0.001

0.626

< 0.001

5 6 37; p = 0.265
4 6 37 p = 0.346
0.1 6 0.5; p = 0.27
-0.1 6 0.4; p = 0.027
0.369

0.873

Manual 3-D: dGEMRIC (ms)
Automated 3-D: dGEMRIC (ms)
Manual 3-D: thickness (mm)
Automated 3-D: thickness (mm)

Values are expressed as mean 6 SD; ROI = region of interest; ms = millisecond; mm = millimeter.

0.402

-12 6 47; p = 0.073
-15 6 47 p = 0.033
0.5 6 0.7; p < 0.001
-0.1 6 0.6; p = 0.230
0.648
0.024

18 6 50; p < 0.001
14 6 48; p = 0.006
-0.1 6 0.5; p = 0.012
-0.2 6 0.6; p = 0.001

9 6 41; p = 0.023
10 6 39; p = 0.01
-0.3 6 0.4; p < 0.001
-0.3 6 0.4; p < 0.001

p value
Mean diﬀerence
p value
Mean diﬀerence
p value
Mean diﬀerence
p value
Mean diﬀerence
Parameter

Anteroinferior (3–4 o’clock
50 ROIs)
Posterosuperior (9–12 o’clock;
100 ROIs)
Anterosuperior (12–3 o’clock;
100 ROIs)

Manual 2-D

Posteroinferior (7–9 o’clock;
75 ROIs)
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This study has a number of limitations. First, the method
used for automated 3-D cartilage segmentation enables assessment of combined femoral and acetabular cartilage
layers only. Acetabular cartilage degeneration typically
precedes femoral cartilage damage in FAI and hip dysplasia
[6, 62]. Therefore, a separate analysis of acetabular and
femoral cartilage would theoretically allow a better estimation of actual damage to the joint early in the degeneration
process. Clear differentiation between the thin cartilage
layers on MRI is a substantial challenge due to the tight
coaptation of the hip. In contrast to other joints such as the
knee, the femoral and acetabular cartilage layers are directly
opposed to each other in the hip and together with the sealing
effect of the labrum, this prevents contrast agent or synovial
ﬂuid from accumulating in the joint space [45]. To overcome
this limitation, some authors used leg traction to achieve a
distinct visualization of femoral and acetabular cartilage
layers [1, 34, 46], while others used special algorithms [10].
However, a combined assessment of femoral and acetabular
cartilage damage has proven to be highly accurate in predicting failure after PAO for correction of hip dysplasia [12,
26]. Furthermore the use of planar dGEMRIC maps generated from 3-D cartilage models enabled a moderate-tostrong correlation with the joint damage observed at surgery
[9]. Thus, we believe the chosen approach for automated
cartilage segmentation is reasonable. Second, it was not
possible to validate the calculated 3-D cartilage surface area
against a reference gold standard. This was related to the fact
that the current study is based on symptomatic patients,
which precludes a cadaveric comparison. However, our
ﬁndings (surface area: 1088.8 mm2–2812.1 mm2) (Table 6)
are comparable to the reported size of the lunate surface
ranging from 1328 mm2–3610 mm2 in symptomatic patients
[53]. Third, the results of this approach for automatic cartilage segmentation may differ when being applied to older
patients with more severe radiographic cartilage degeneration. We selected a typical cohort of young and active
patients without severe radiographic osteoarthritis (Tönnis
0 or 1) since these are the patients who are most likely to
beneﬁt from a comprehensive 3-D cartilage imaging analysis for an improved planning of joint-preserving hip surgery. Fourth, at the time of image acquisition our imaging
protocol did not include a prescan to correct for B1 inhomogeneity, which reportedly can alter the resultant
dGEMRIC values [50]. However, this does not affect the
accuracy of the segmentation itself but leads to a greater
variation in dGEMRIC indices among patients. Since it was
not our aim to deﬁne thresholds to predict the presence of
cartilage lesions or to deﬁne a prognostic threshold, this may
be negligible.
Due to its thick cartilage layers, its superﬁcial location,
and the availability of dedicated coils, advanced compositional cartilage imaging techniques are usually ﬁrst validated in the knee [15, 30]. To accelerate and standardize
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Table 4. Agreement between the manual 3-D, automatic 3-D analysis versus the manual 2-D gold standard analysis of dGEMRIC
indices and cartilage thickness of the four joint quadrants assessed with intra-class correlation coeﬃcients
Manual 2-D
Parameter
Manual 3-D:
dGEMRIC (ms)
Automatic 3-D:
dGEMRIC (ms)
Manual 3-D:
thickness (mm)
Automatic 3-D:
thickness (mm)

ICC: anterosuperior
(12 – 3 o’clock; 100 ROIs)

ICC: posterosuperior
(9 – 12 o’clock; 100 ROIs)

ICC: anteroinferior
(3 – 4 o’clock; 50 ROIs)

ICC: posteroinferior
(7 – 9 o’clock; 75 ROIs)

0.974 (0.956–0.983)

0.983 (0.974–0.988)

0.976 (0.958–0.987)

0.984 (0.975–0.99)

0.975 (0.962–0.984)

0.984 (0.975–0.989)

0.975 (0.955–0.986)

0.985 (0.976–0.99

0.789 (0.683–0.859)

0.818 (0.496–0.914)

0.635 (0.112–0.828)

0.798 (0.678–0.874)

0.764 (0.631–0.846)

0.819 (0.596–0.904)

0.733 (0.533–0.848)

0.864 (0.78–0.916)

Values in parentheses represent 95% conﬁdence intervals; ICC = intra-class correlation coeﬃcients; ROI = region of interest.

the postprocessing of morphologic- and biochemical 3-D
images via automated segmentation, deep-learningbased solutions using deep convolutional neural networks have been introduced [35, 65]. In these studies a
high accuracy for automatic segmentation of knee cartilage compartments with dice coefﬁcients ranging from
0.770–0.878 [35] and 0.806–0.807 [65] has been reported. To the best of our knowledge, this is the ﬁrst study
to apply a deep-learning approach for fully automatic

segmentation of hip cartilage. Although the cartilage
layers are naturally thinner and more difﬁcult to identify
in the hip, we found a comparable accuracy with a strong
mean dice coefﬁcient of 86% and a range of 79%–90%.
This was higher than previous studies for automated T2
mapping (mean dice coefﬁcient of 73%) using a 3-D
deformable model method [10] or a multitemplate based
label fusion technique for automated dGEMRIC analysis
(range of dice coefﬁcients between 76% and 82%) [49].

Table 5. Regional patterns of dGEMRIC indices, thickness, surface and volume by compared between manual 3-D analysis and the
automatic 3-D analysis of cartilage models
Parameter
Number of
regions
of interest
Manual 3-D:
dGEMRIC (ms)
Automatic 3-D:
dGEMRIC (ms)
Manual 3-D:
thickness (mm)
Automatic 3-D:
thickness (mm)
Manual 3-D:
surface (mm2)
Automatic 3-D:
surface (mm2)
Manual 3-D:
volume (mm3)
Automatic 3-D:
volume (mm3)

Overall

Anterosuperior
(12 – 3 o’clock)

Posterosuperior
(9 – 12 o’clock)

Anteroinferior
(3 – 4 o’clock)

Posteroinferior
(7 – 9 o’clock)

p value

25

25

25

25

25

-

563 6 152

573 6 160*

602 6 158*

467 6 147*

526 6 144*

0.013

562 6 149

570 6 157*

602 6 158*

466 6 142*

525 6 141*

0.012

3.6 6 0.5

3.9 6 0.5*

3.2 6 0.5

5.3 6 0.8*

3.2 6 0.7

< 0.001

3.5 6 0.5

3.9 6 0.6

3.2 6 0.5

4.3 6 0.6

2.9 6 0.6

<0.001

1634 6 400

614 6 141

580 6 116

134 6 60*

315 6 132*

<0.001

1617 6 426

610 6 204

562 6 122

155 6 63*

334 6 145*

<0.001

5779 6 1325

2343 6 492*

1805 6 328*

702 6 306*

977 6 391*

< 0.001

5550 6 1109

2294 6 467*

1764 6 333*

6476 257*

9346 328*

< 0.001

Values are expressed as mean 6 SD;
*signiﬁcantly diﬀerent from all other quadrants (Bonferroni corrected p = 0.013) in the pairwise comparison; ICC = intraclass
correlation coeﬃcients; ms = millisecond; mm = millimeter.
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Overall (25 ROIs)
Parameter

Posterosuperior
(9 – 12 o’clock; 25 ROIs)

Mean
diﬀerence

ICC

Mean
diﬀerence

ICC

Mean
diﬀerence

168
p = 0.702

0.999
(0.998–1)

368
p = 0.101

0.999
(0.999–1)

067
p = 0.840

0.1 6 0.3
p = 0.195

0.881
(0.734–0.947)

0 6 0.5
p = 0.634

0.788
(0.517–0.907)

16 6 192
p = 0.674

0.944
(0.874–0.975)

5 6 142
p = 0.873

229 6 579
p = 0.060

0.934
(0.844–0.972)

49 6 315
p = 0.446

Anteroinferior
(3 – 4 o’clock; 25 ROIs)

Posteroinferior
(7 – 9 o’clock; 25 ROIs)

Mean
diﬀerence

ICC

Mean
diﬀerence

ICC

1 (0.999–1)

1 6 18
p = 0.874

0.996
(0.992–0.998)

1 6 10
p = 0.665

0.999
(0.997–0.999)

0 6 0.2
p = 0.548

0.946
(0.879–0.976)

1.16 0.7
p < 0.001

0.700
(0.320–0.868)

0.3 6 0.4
p = 0.001

0.855
(0.477–0.947)

0.809
(0.561–0.916)

18 6 35
p = 0.017

0.973
(0.925–0.989)

-21 6 36
p = 0.008

0.878
(0.650–0.951)

-20 6 79
p = 0.223

0.910
(0.799–0.960)

0.881
(0.731–0.947)

40 6 167
p = 0.238

0.931
(0.845–0.969)

55 6 179
p = 0.135

0.883
(0.737–0.948)

43 6 199
p = 0.29

0.917
(0.814–0.963)

ICC

Values are expressed as mean 6 SD with 95% conﬁdence intervals in parentheses; ROI = region of interest; ICC = intraclass correlation coeﬃcients; ms = millisecond; mm =
millimeter.
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Manual 3-D: dGEMRIC
(ms)
Automatic 3-D: dGEMRIC
(ms)
Manual 3-D: thickness
(mm)
Automatic 3-D: thickness
(mm)
Manual 3-D: surface
(mm2)
Automatic 3-D: surface
(mm2)
Manual 3-D: volume
(mm3)
Automatic 3-D: volume
(mm3)

Anterosuperior
(12 – 3 o’clock; 25 ROIs)

Schmaranzer et al.
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Table 7. Reliability and reproducibility for software-assisted (Cartilage analyzer software) measurement of dGEMRIC indices,
thickness, surface and volume in manually and automatically generated 3-D cartilage models
Parameter
Manual 3-D: dGEMRIC (ms)
Automatic 3-D: dGEMRIC (ms)
Manual 3-D: thickness (mm)
Automatic 3-D: thickness (mm)
Manual 3-D: surface (mm2)
Automatic 3-D: surface (mm2)
Manual 3-D: volume (mm3)
Automatic 3-D: volume (mm3)

ICC reader 1 vs reader 2

ICC reader 1

ICC reader 2

0.999 (0.999–)
0.999 (0.999–)
0.996 (0.993–0.997)
0.989 (0.984–0.993)
0.996 (0.994–0.997)
0.987 (0.981–0.991)
0.996 (0.994–0.997)
0.994 (0.992–0.996)

1 (0.999–1)
0.998 (0.997–0.999)
0.996 (0.994–0.997)
0.962 (0.944–0.975)
0.989 (0.984–0.993)
0.988 (0.982–0.992)
0.997 (0.996–0.998)
0.990 (0.986–0.994)

1 (0.999–1)
1 (1–1)
0.997 (0.996–0.998)
0.998 (0.998–0.999)
0.989 (0.984–0.993)
0.999 (0.998–0.999)
0.996 (0.995–0.998)
0.999 (0.998–0.999)

Values are expressed as mean 6 SD; ICC = intraclass correlation coeﬃcients; ms = millisecond; mm = millimeter.

Of note, previous studies presenting different techniques for
automated cartilage segmentation did not describe the osseous acetabular morphology in their patient population [20,
39, 49], excluded hips with pincer FAI or acetabular dysplasia [14], or only included asymptomatic volunteers [10].
Acetabular morphology reportedly affects the size and shape
of the lunate surface in patients eligible for joint-preserving
hip surgery [53]. Consequently, an automated segmentation
approach will be less accurate if applied to a hip morphology
largely different from the used for initial training and testing.
To ensure a wide applicability of our segmentation approach, we chose a representative patient cohort that included hips with acetabular dysplasia, normal acetabular
coverage, acetabular retroversion, and acetabular overcoverage (Table 1). Furthermore, our approach yielded the
advantage of providing a more comprehensive assessment
of hip cartilage, including thickness, surface area, and volume while previous studies only focused on validating different approaches for extracting biochemical cartilage
composition using dGEMRIC [14, 20, 49], T2 [10, 39], and
T1rho [39]. In addition, it is important to mention that the
methodology for automated cartilage segmentation can be
applied to any other high-resolution 3-D cartilage MR
technique such as T2* mapping [22]. Imaging parameters
and image characteristics between different biochemical
cartilage techniques differ from each other. Therefore, a
segmentation approach that has been validated with one
sequence technique would require adjustments and a new
validation study before it can be applied to another type of
sequence.
In contrast to previous studies [10, 14, 49], we compared dGEMRIC indices and cartilage thickness of the
automated- and manual 3-D segmentation against the
manual ROI placement on reformatted 2-D images, which
is still considered the standard method (Fig. 1) [66]. We
found minor differences in mean dGEMRIC indices
(range, -15 to 18 ms; Table 3) for the manual 3-D and the
automated 3-D analysis compared to the manual 2-D
analysis. This deviation is acceptable as it is below the

clinically relevant range of 50 ms to 100 ms that corresponds to different stages of the macroscopic cartilage
damage [9]. Reference values of combined femoroacetabular cartilage thickness on MRI for symptomatic
patients are sparse. However, a range of 2.8 mm to 4.3 mm
has been reported for superolateral cartilage thickness using manual measurements, and a difference of 1.1 mm
between dysplastic hips and normal hips has been shown
[5]. In our study, the mean differences in cartilage thickness
for the manual 3-D analysis ranged from -0.3 mm to
0.5 mm compared to the manual 2-D gold standard
(Table 3). The mean differences in cartilage thickness for
the automated 3-D analysis ranged from -0.3 mm to
-0.1 mm compared to the manual 2-D gold standard
(Table 3). Notably, the automated 3-D analysis was more
accurate than the manual 3-D analysis anteroinferiorly,
where the largest deviation compared with the manual 2-D
analysis was observed (Table 3). This supports the use of
more objective methods, such as our deep learning approach, for segmentation.
Distinct patterns of cartilage damage have been linked
with different pathomechanisms and osseous deformities
of the hip. This includes hip instability secondary to acetabular dysplasia, inclusion, and impaction impingement
due to cam and pincer deformities [6, 56]. However, a reliable preoperative assessment of the damage pattern is
challenging using standard, morphologic imaging [51]. To
overcome this limitation, we validated a new automated 3D analysis for regional assessment of hip cartilage and
showed dGEMRIC patterns comparable to the manual 3-D
reference (Table 6). Using the 3-D visualization, a more
global pattern of biochemical damage was observed in a
dysplastic hip (Fig. 4) and in a deep hip (Fig. 5A-B). By
contrast, we observed an even distribution of high
dGEMRIC values in a young patient with normal acetabular coverage (Fig. 6A-C). We observed an anterior decline
in dGEMRIC indices in a hip with acetabular retroversion
(Fig. 7A-C). The most pronounced uniform decrease in
dGEMRIC indices was observed in a hip with severe global
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Fig. 5 A-C (A) AP pelvis of a 21-year-old woman with a deep hip (LCE angle = 42°) and a cam deformity is shown. (B) Manual 3-D
analysis is shown with dGEMRIC indices color-coded. (C) Automated 3-D analysis is shown with dGEMRIC indices color-coded. The
red indicates regions of low dGEMRIC indices demonstrating low glycosaminoglycan content corresponding to biochemical
cartilage damage and vice-versa for blue color. (B) Using the manual 3D analysis, the mean dGEMRIC index was 482 ms and cartilage
surface area was 2128 mm2. This was comparable to (C) the automated 3-D analysis which yielded a mean dGEMRIC index of 489 ms
and a cartilage surface of 1912 mm2. (B) Overestimation of the manual 3-D analysis (Table 3) for measuring thickness in the
anterioinferior quadrant resulted in a diﬀerence of 0.8 mm compared to the automated 3-D analysis.

overcoverage secondary to protrusio acetabuli (Fig. 8A-C).
A 3-D visualization of these patterns may have prognostic
implications as shown in dysplasia in which anterior
dGEMRIC indices were more accurate predictors of failure
after PAO than global dGEMRIC indices [12, 26]. By
contrast, the deﬁnition of reliable thresholds to predict the
success of FAI surgery based on preoperative dGEMRIC
indices is more challenging [11, 25]. This may be related to
the more focal damage pattern of FAI [51], which makes
detection and manual measurement of actual cartilage
damage difﬁcult on reformatted 2-D dGEMRIC images. In
comparison, a fast 3-D visualization of dGEMRIC indices
at a glance enables a volumetric dGEMRIC analysis of the

most severely affected cartilage area, including regions with
healthy cartilage as internal reference. Thus, this proposed more time-efﬁcient and objective 3-D analysis can
improve patient selection with the goal to identify those
patients who beneﬁt most from FAI surgery (Fig. 7) as
opposed to others with too advanced cartilage degeneration (Fig. 8). In addition, such a tool yields promise
to facilitate the standardized longitudinal analysis of
cartilage composition in large prospective trials that aim
to monitor the effect of reconstructive hip surgery and the
natural course of osteoarthritis. We could further show
that the new automated 3-D analysis enabled an accurate
detection of regional patterns of cartilage thickness and

Fig. 6 A-C (A) AP pelvis of a 22-year-old man with normal acetabular coverage (LCE angle = 34°) and a cam deformity is shown.
(B) The manual 3-D analysis is shown with dGEMRIC indices color-coded. (C) An automated 3-D analysis is shown with the red
indicating regions of low dGEMRIC indices demonstrating low glycosaminoglycan content corresponding to biochemical cartilage
damage and vice-versa for blue. (B) Using the manual 3-D analysis the mean dGEMRIC index was 767 ms, mean thickness was
3.8 mm, surface area was 1972 mm2 and volume was 7569 mm3. This was comparable to (C) the automated 3-D analysis which
yielded a mean dGEMRIC index of 765 ms, a mean thickness of 3.7 mm, a surface area of 1981 mm2 and a volume of 7236 mm3.
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Fig. 7 A-C (A) An AP pelvis image shows a 27-year-old woman with severe acetabular retroversion (positive cross-over sign,
posterior wall sign, and ischial spine sign). (B) Fully-automated 3-D cartilage model is shown. The dGEMRIC indices are color-coded.
Biochemical cartilage damage as shown with lower (green) dGEMRIC indices is present anteriorly compared to the high dGEMRIC
indices posteriorly (blue). The overall (1250 mm2) and the anterosuperior cartilage surface area were smaller (457 mm2) compared
with the respective means of the entire study group (overall: 1617 6 426 mm2; anterosuperior: 610 6 204 mm2; Table 7). The patient
underwent anteverting periacetabular osteotomy for correction of malrotation of the hemipelvis. (C) AP pelvis view at the last
clinical followup 4 years after surgery shows no progression of osteoarthritis and the patient was asymptomatic.

volume (Table 6). A 3-D analysis of cartilage thickness
and volume can provide complementary information or
may be used as alternative biomarker, if no 3-D biochemical cartilage sequences are acquired.
The most appropriate surgical treatment for different
acetabular deformities is still subject of debate. More
speciﬁcally, there is no consensus how to best surgically
correct borderline dysplastic hips [2, 37] and hips with

pincer FAI secondary to acetabular retroversion [19, 53,
67] and overcoverage [7, 18, 29]. This may be related to the
fact that surgical planning relies on the radiographic anatomy of the acetabulum which is affected by the acquisition
technique and can only estimate the size of the weightbearing cartilage surface area [55, 57]. Therefore, we performed an automated regional and global 3-D analysis of
the cartilage surface area which was comparable to the

Fig. 8 A-C (A) The AP pelvis x-ray shows a 40-year-old woman with protrusio acetabuli and an LCE angle of 50°. (B) Fully-automated
3-D cartilage model is shown. dGEMRIC indices are color-coded. Biochemical cartilage damage as shown with lower dGEMRIC
indices (green) is uniformly present. Cartilage surface area is slightly increased with 1817 mm2 compared with the mean of 1617 6
426 mm2 of the entire study group. Although the LCE was higher compared with the deep hip shown in Fig. 5 (LCE 42°), the cartilage
surface area was smaller compared with that hip (1912 mm2). (C) The patient underwent a surgical hip dislocation for circumferential rim trimming. After 3 years, the patient experienced a worsening of pain and underwent total hip replacement.
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manual 3-D analysis (Table 5). Calculation of total cartilage surface area and visualization of regional acetabular
deﬁciency based on an automatic 3-D cartilage segmentation may aid in surgical decision making between PAO to
restore normal coverage or hip arthroscopy for soft tissue
repair in patients with mild or borderline dysplasia (Fig. 4).
Acetabular retroversion is considered focal anterior overcoverage in hips with a cranial crossover sign or a rotational deformity in global cases in hips with severe
radiographic retroversion [48]. In addition, there are hips
with a continuous spectrum of global acetabular overcoverage [58]. Anteverting PAO has been performed to
correct malrotation of the acetabulum with durable mid- to
long-term results [38, 48, 67] while arthroscopic rim
trimming has been proposed as a less invasive alternative
[19]. In patients with radiographic signs of a too-deep
socket, rim trimming is routinely performed [18]. However, it has been shown that more severe radiographic signs
of acetabular overcoverage (Fig. 8) do not necessarily
reﬂect a larger lunate surface compared with deep hips with
less severe signs of overcoverage (Fig. 5), and that the
acetabular cartilage surface area is smaller in hips with
severe retroversion (Fig. 7) compared with normal hips
(Fig.6) [41, 53]. Consequently, such hips are at risk of an
iatrogenic increase in joint contact stresses as a result of a
too aggressive acetabuloplasty [7, 53, 67], which is associated with long-term failure of FAI surgery [52]. In the
future, the proposed method for automated 3-D cartilage
segmentation may be used to deﬁne reference values for
cartilage surface area for an individual case-by case comparison. Thereby, the used methodology can potentially
improve surgical planning of acetabuloplasty and periacetabular osteotomies.
While a quick inspection of the 3-D cartilage models
may be helpful to get an overview of biochemical cartilage
damage and cartilage morphology [9], we developed a
software for calculation of the actual cartilage parameters.
Similar to previous studies [10, 14, 39] that used MR-based
cartilage segmentation, we showed that the developed
software for analyzing the 3-D cartilage models enabled
assessment with almost perfect intraobserver reproducibility and interobserver reliability (ICC range,
0.962–1; Table 7).
To conclude, we developed a fully-automated method
for 3-D cartilage segmentation using a deep-learning-based
approach and validated this approach in patients with
structural hip deformities, taking manual segmentation as
the reference. This approach, after training, could directly
map a volumetric 3-D cartilage to its volume-wise labels,
thereby providing an accurate, reliable, and reproducible
automated 3-D analysis of cartilage composition, thickness, surface area, and volume. The time-efﬁcient and
objective analysis of biochemical cartilage composition
and cartilage thickness using this automatic approach for

segmentation yields potential to improve patient selection
and identify those patients who beneﬁt most from FAI
surgery. In addition, this validation may lead to the largescale use of this methodology for prospective trials that
longitudinally monitor the effect of reconstructive hip
surgery and the natural course of osteoarthritis. Furthermore, the calculation of size of the weightbearing cartilage
surface area may improve surgical planning of acetabuloplasty and periacetabular osteotomies for treatment of hip
dysplasia and pincer FAI.
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