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Abstract

Objective. Automatic segmentation for biochemical cartilage evaluation holds promise for an efficient and reader-
independent analysis. This pilot study aims to investigate the feasibility and to compare delayed gadolinium-enhanced
magnetic resonance imaging of cartilage (dGEMRIC) hip joint assessment with manual segmentation of acetabular and
femoral head cartilage and dGEMRIC hip joint assessment using automatic surface and volume processing software at
3 Tesla. Design. Three-dimensional (3D) dGEMRIC data sets of 6 patients with hip-related pathology were assessed (1)
manually including multiplanar image reformatting and regions of interest (ROI) analysis and (2) automated by using a
combined surface and volume processing software. For both techniques, TIGd values were obtained in acetabular and
femoral head cartilage at 7 regions (anterior, anterior-superior, superior-anterior, superior, superior-posterior, posterior-
superior, and posterior) in central and peripheral portions. Correlation between both techniques was calculated utilizing
Spearman’s rank correlation coefficient. Results. A high correlation between both techniques was observed for acetabular
(p = 0.897; P < 0.001) and femoral head (p = 0.894; P < 0.001) cartilage in all analyzed regions of the hip joint (p between
0.755 and 0.955; P < 0.001). Conclusions. Automatic cartilage segmentation with dGEMRIC assessment for hip joint cartilage
evaluation seems feasible providing high to excellent correlation with manually performed ROI analysis. This technique is
feasible for an objective, reader-independant and reliable assessment of biochemical cartilage status.
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to the cartilage water content and collagen fiber orientation
(e.g., T2'- and T2*-mapping?), the cartilage glycosamino-
glycan (GAG) content (gagCEST"), or to the cartilage GAG
and water content (T Irho imaging®).

The technique of delayed gadolinium-enhanced mag-
netic resonance imaging of cartilage (dGEMRIC)’ is noted

Introduction

Osteoarthritis (OA) is a multifactorial degenerative joint dis-
ease that usually progressively leads to pain and functional
impairment. Management strategies include symptomatic
treatment, joint preservation surgeries in cases of underlying
pre-arthritic conditions (e.g., hip dysplasia or femoroacetab-
ular impingement [FAI]), and joint replacement.

Magnetic resonance imaging (MRI) is the modality of
choice to evaluate the cartilage status. Although technical
developments (e.g., the introduction of higher field strengths
and design of cartilage-specific sequences) have improved
morphological cartilage assessment with standard MRI, the
ability to detect cartilage matrix alterations that occur early
on a molecular level remains limited. Various biochemical-
sensitive MRI techniques have evolved and proven to be
reliable tools that may add valuable information concerning
cartilage composition. Some of these methods are sensitive
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to be sensitive to the charge density of hyaline cartilage.
Notably, following administration of a negatively charged
gadolinium-based contrast agent, which penetrates the car-
tilage and reduces T1 relaxation, higher uptake of contrast
media in GAG-depleted cartilage areas (resulting in lower
T1 values) indicates cartilage degeneration and vice versa.

Major challenges for MR imaging of hip joint include its
deep position in the body and the thin, spherical, and cres-
cent-shaped cartilage layers of the femoral head and the
acetabulum. However, with sufficient image resolution and
contrast-to-noise-ratio, it is possible to distinguish between
acetabular and femoral cartilage layers.

As for dGEMRIC analysis, T1 _  relaxation is commonly
evaluated by region of interest (ROI) analysis in selected
slices throughout the joint, where different marker points
are manually placed within cartilage boundaries,*® usually
leading to a fairly time-consuming process (depending on
the number of cartilage areas being investigated).
Understandably, it is prone to intra- and inter-reader vari-
ability as well. Both are quite relevant factors, why this
technique—and probably other ROI-based (semi-) quanti-
tative techniques as well—have not yet found their way into
clinical routine and follow-up studies.

While implementing an automatic surface and volume
processing software (Clinical Graphics) for a reader-inde-
pendent and fast cartilage analysis, the study question was
as follows: Is there is a good correlation between manual
and automatic cartilage segmentation for the evaluation of
hip joint cartilage with dGEMRIC?

Methods
Study Population

This study was approved by the local ethics committee. We
identified 6 patients (5 females, 1 male, mean age: 27.0 £
8.6 years, range 19-43 years, mean body mass index: 23.5 +
3.0 kg/m?, 3 left hips) who underwent 3D dGEMRIC MR
imaging in the clinical setting of hip-related pain due to
symptomatic FAI (4 patients) or suspected labral tear with-
out typical radiographic evidence of FAI (2 patients). No
patient had any notable/advanced OA of the hip (Tonnis
grade =<1) on previously obtained radiographic films.
Before participation, contraindications related to MRI or
intravenous contrast media administration were excluded.
Written informed consent was obtained in all cases.

MRI Protocol

FDA-approved Gd-DOTA™ (0.4 mL/kg, 0.2 mmol Gd/kg,
Dotarem; Guerbet GmbH, Sulzbach, Germany) was admin-
istered intravenously, and patients were instructed to walk
around the MRI facility for 30 minutes to allow for contrast
media uptake before MRI acquisition was started. All MR
images were acquired in the supine position with the

Table 1. MRI Settings for the 3D Double-Echo Steady-State
(DESS) Sequence and 3D Volumetric Interpolated Breath-Hold
Examination (VIBE).

3D DESS, Water 3D VIBE, TI |

Excitation Mapping
TR (repetition time, ms) 14.75 15
TE (echo time, ms) 5.00 2.24
FA (flip angle) 25 5,26
NEX (number of excitation) | |
FOV (field of view, mm?) 192 192
Slice thickness (mm) 0.6 0.6
In-plane resolution (mm) 0.6 x 0.6 0.6 x 0.6
Slice gap (mm) 0.2 0.2
Bandwidth (Hz/pixel) 260 260
TA (acquisition time, minutes) 13.17 14.31

investigated hip in neutral rotation on a 3 Tesla (T) scanner
(Magnetom Trio, Siemens Medical Solutions, Erlangen,
Germany) using a flexible body-matrix phased-array coil.
The MRI protocol comprised localizer images, 2D T1- and
T2-weighted sequences (data not shown), a 3D double-echo
steady-state (DESS) sequence with water excitation for mor-
phological cartilage assessment, and a dual flip angle 3D
gradient echo sequence with volumetric interpolated breath-
hold examination (VIBE) for T1 o evaluation (Table 1).

Manual Cartilage Assessment

Manual cartilage assessment was conducted in accordance
with previously published methodology.’ Initially, the MR
data sets of DESS and VIBE, which included the inline 3D
Tl ,, maps, were transferred to a Leonardo workstation
(Siemens Medical Solutions, Erlangen, Germany). Using
multiplanar reconstruction software, 7 radial reformats (ante-
rior, anterior-superior, superior-anterior, superior, superior-
posterior, posterior-superior, and posterior) with a slice
thickness of 2 mm were then created around the femoral neck
with the femoral head as the center of rotation. In each refor-
mat ROI analysis was conducted in acetabular and femoral
cartilage. Both acetabular and femoral cartilages were further
divided into a peripheral zone and a central zone. Peripheral
acetabular (and corresponding femoral cartilage) was defined
as the lateral half of acetabular cartilage between the fossa and
the cartilage-labral junction. Each ROI was delineated by pre-
cise placement of multiple marker points. The corresponding
DESS reformats served as a morphological reference to war-
rant ROI placement within cartilage boundaries.

Computerized Cartilage Assessment Using
Proprietary Software

Automated cartilage assessment was based on bone seg-
mentations of the acetabulum and proximal femur extracted
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Figure 1. The bone segmentations were created by fitting a statistical shape model to the volumetric image data. Verification and—
where needed—Ilocal corrections were applied manually by 2 research engineers.

from the VIBE sequence. The bone segmentations were
created by fitting a statistical shape model.'® Two research
engineers placed a dense cloud of fitting points on the volu-
metric image data (Fig. 1). Verification and local correc-
tions (where deemed necessary) were applied manually by
2 research engineers. Following the segmentation, the cen-
ter of the femoral head was determined using regression
analysis of the surface of the segmented 3D proximal femur
model. Based on this femoral head center, and similar to the
manual cartilage assessment, 7 radial areas were defined on
the femoral head and the acetabular lunate surface (anterior,
anterior-superior, superior-anterior, superior, superior-pos-
terior, posterior-superior, and posterior). Each of these
radial areas was subdivided into a peripheral zone and a
central zone. The software then automatically determined
the 3D Ti, image values by sampling 500 points for each
zone, taking the mean value as the final result for that area
(Fig. 2).

Statistical Analysis

Spearman’s correlation coefficient (p) was calculated for
correlation between manual and automatic cartilage seg-
mentation. P values below 0.05 were considered statisti-
cally significant.

Results

We evaluated a total of 168 ROIs (6 patients, acetabular and
femoral cartilage; 7 regions, peripheral and central zones).
A total of 28 ROIs had to be excluded from analysis due to
artifacts (and consecutive inability to reliably delineate

acetabular and femoral cartilage) or notable cartilage loss in
the investigated regions. Therefore, a total of 140 ROIs
underwent statistical analysis. Between both techniques we
observed excellent correlation for overall acetabular (p =
0.897; P <0.001) and femoral (p = 0.894; P <0.001) carti-
lage assessment. Correlation was also noted high for
regional (acetabular: p ranging from 0.829 to 0.944, P <
0.001; femoral: p ranging from 0.755 to 0.938, P < 0.001)
and zonal (acetabular central: 0.862, acetabular peripheral:
0.889, P < 0.001; femoral central: 0.909, femoral periph-
eral: 0.868, P <0.001) cartilage evaluation (Table 2).

Discussion

In this pilot study, we sought to determine the feasibility of
a newly developed technique of fully automatic cartilage
segmentation for biochemical hip joint cartilage assessment
with dGEMRIC. Although it was a limited cohort of 6
patients, we could demonstrate an excellent correlation to
manual cartilage evaluation by ROI analysis.

In pathologies of the hip joint, particularly for guiding
treatment decisions ranging from different cartilage repair
techniques to joint replacement and for monitoring treat-
ment, a reliable modality of hip joint cartilage evaluation is
critical. Notably, quantitative cartilage analysis (e.g., vol-
ume/thickness measurements, biochemical assessment) can
be achieved in a reproducible manner. In recent studies,
quantitative hip joint cartilage evaluation mostly relies on
manual ROI analysis. However, postprocessing the 3D MR
data sets and manual ROI placement requires adequately
trained users. Furthermore, it is time-consuming and inher-
ently prone to intra- and inter-reader variability. Automatic
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Figure 2. dGEMRIC analysis of hip joint cartilage was conducted in central and peripheral acetabular and femoral head cartilage by
region of interest analysis and by automated cartilage assessment based on bone segmentations of the acetabulum and proximal femur.

Table 2. Spearman’s Correlation Coefficient (p) for
Correlation between Manual and Automatic Cartilage
Segmentation in Global, Zonal, and Regional Evaluation of

Acetabular and Femoral Cartilage.

Acetabular Femoral P

Global 0.897 0.894 <0.001
Zone

Peripheral 0.889 0.868 <0.001

Central 0.862 0.909 <0.001
Region

Anterior 0.944 0.755 <0.001

Anterior-superior

Superior-anterior 0.829 0.881 <0.001

Superior

Superior-posterior

Posterior-superior 0.844 0.938 <0.001

Posterior

software approaches to evaluate acetabular and femoral car-
tilage layers could promote the clinical application of bio-
chemical cartilage evaluation, especially in settings with a
high patient turnover or on clinical studies that embrace a
large number of participants.

Approaches for automatic cartilage segmentation have
been published previously. However, most of the reported
data focus on knee joint''"* and glenohumeral cartilage
assessment' and only a few studies are available for auto-
matic segmentation of hip joint cartilage. In 2004, Nishii
et al.” reported a fully automated segmentation algorithm
for acetabular cartilage thickness measurements in 45
patients with hip dysplasia. An edge detection approach was
utilized, and for a sharp distinction between femoral and
acetabular cartilage, continuous leg traction during MRI
was applied in that study. However, to the best of our under-
standing, validation of their technique was not reported as
no comparative manual analysis was undertaken.
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With differences in methodology, Xia et al.'® demon-
strated an automatic hip joint cartilage segmentation in 52
asymptomatic volunteers without the need for joint distrac-
tion. With the extraction of the bone-cartilage interfaces
(BCI) and arc weighted graph searching, cartilage volume
analysis revealed Dice’s similarity coefficients between
0.72 £ 0.05 and 0.81 £ 0.03 for automatic and manual seg-
mentation. Notably, the study was conducted in 3D true fast
imaging with steady-state precession (TrueFISP) images,
which are not routinely used in clinical workflows.
Therefore, application of their software technique to MRI
sequences with other contrast characteristics or biochemical
imaging needs further validation.

As an advancement of the work of Xia et al., utilizing
different MRI sequences and improvements in BCI extrac-
tion, Chandra et al.'” reported an approach for extracting
biochemical information from hip joint cartilage with auto-
mated T2 mapping analysis. In their study of 24 asymptom-
atic volunteers, a mean voxel overlap between manual and
automated analysis was reported to be 73% with little dif-
ference error in median T2 average signals in the investi-
gated cartilage areas.

For biochemical MRI in an OA cohort, Pedoia et al.'®
published a fully automatic voxel-based relaxometry
method for T1rho imaging. In that study, overall (16 patients
with radiographic hip OA and 37 asymptomatic controls)
Pearson correlation coefficients between fully automatic
and manual cartilage segmentation were noted: R = 0.79 (P
< 0.001) for acetabular, and R = 0.90 (P < 0.001) for femo-
ral assessment. These results are somewhat comparable to
ours. However, it has to be noted that correlation for acetab-
ular cartilage in patients with OA (Kellgren-Lawrence 2 or
3) was only noted to be moderate (R = 0.57; P = 0.022),
most likely due to thinner/absent cartilage layers in these
patients. Given that our population was not diagnosed with
higher grades of OA and cartilage analysis was only con-
ducted in regions with no advanced morphological cartilage
damage, the value of our proposed technique has to be fur-
ther investigated in populations with ongoing progressive
or advanced cartilage degeneration.

With an approach to examine the cartilage status across
the entire hip joint, 2 previously published studies'®*
reported a methodology that uses multi-template based
label fusion®' to automatically segment morphological
TrueFISP and dGEMRIC data sets. These segmentations
were further processed and “unfolded” to planar T1  and
morphological 2D maps for cartilage analysis. Introduced
by Sieversson et al., in a study in 15 symptomatic patients
with mild or no OA, average Dice coefficients for cartilage
segmentation between 0.76 and 0.82 were reported for 2
different algorithms, depending on the number of templates
that were used (4 templates vs. 14 templates). However,
some limitations have to be considered: Previously acquired
manual segmentations are required to serve as a reference

set to guide the automated segmentation algorithm, and the
whole processing time was reported around 3 hours, which
somewhat questions the clinical applicability. Furthermore,
utilizing a 1.5-T MR scanner, femoral and acetabular carti-
lage could not be distinguished, and both cartilage layers
were segmented together and subsequently divided. An
accurate assessment of acetabular and femoral changes may
be affected/biased in this case as joint fluid between both
layers might have been taken into analysis. Additionally,
the physiological discrepancy between femoral and acetab-
ular thickness is not considered with this approach.

Our study certainly has limitations. With only 6 patients
included, our study lacks statistical power. However, it is
important to note that the purpose of this pilot study was not to
validate this technique but to prove its feasibility for biochemi-
cal cartilage evaluation in future applications. A limitation of
our technical approach is that the zone definitions may cause
relevant defects to be missed, for example, when these are
located on the border of 2 zones. The software takes the aver-
age value on a per-zone basis, and this could potentially lead to
a misleading quantification of cartilage quality. For the auto-
mated cartilage assessment, no reproducibility analysis was
carried out. However, since the automatic algorithm is deter-
ministic in its outcome, rerunning the algorithm with the same
data as input would yield identical results. Variability may be
expected as a result of the segmentation quality. However,
since a total of 500 points are sampled for each zone, taking the
mean value of these samples, the resulting variability is negli-
gible. Only if the segmentation would be significantly off for
500 of the bone surface points in a specific zone we would
expect a difference, but in that case the segmentation would be
incorrect. In this feasibility study, we chose to have 2 observers
agree on the correctness of the segmentation, in which some
degree of variation—albeit negligible—among observers dur-
ing the semi-automated segmentation process of bone surfaces
need to be considered.

In summary, this preliminary study sought to investigate
the feasibility of a new approach for automatic hip joint car-
tilage segmentation and biochemical cartilage analysis with
dGEMRIC. Notably, with lately reported concerns regarding
gadolinium deposition and nephrogenic systemic fibrosis,”
it is of interest that the described computerized cartilage
assessment technique is applicable to other non—contrast-
based biochemical-sensitive, quantitative MRI techniques
provided that there is a high-resolution volumetric image
data set available. With promising results in this cohort of
patients, future studies embracing larger groups with ongo-
ing cartilage degeneration should be encouraged.
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