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Abstract
Objective  To investigate the variation in T2 at different zones of normal hip cartilage in children and the relationship between 
T2 value and age.
Materials and methods  Nineteen children with 30 normal hip joints were evaluated with a coronal T2 mapping sequence 
at a 3-Tesla MRI system. The femoral cartilage and acetabular cartilage were firstly segmented by mask-based interactive 
method and then equally divided into eight and six radial sections, respectively. Moreover, each radial section was further 
divided into two layers referring to the superficial and deep halves of the corresponding cartilage. Cartilage T2 of these sec-
tions and layers were measured and subsequently analyzed.
Results  There was a negative correlation between the T2 values in the hip cartilage and the age of children (rs < − 0.6, P1 < 
0.05). Articular cartilage T2 increased at angles close to the magic angle (54.7°). Femoral cartilage and acetabular cartilage 
had a relatively shorter T2 in the radial sections near the vertex of the femoral head. The T2 values in superficial layers of 
both cartilages were significantly higher than those in deep layers (P < 0.05).
Conclusion  The T2 value decreases as the cartilage developing into a more mature state. Cartilage T2 values in the weight-
bearing areas are relatively low due to an increase of collagen density and the loss of interstitial water. The restriction of the 
water molecules by solid components in the deeper layer of cartilage may decrease the T2 values.

Keywords  Hip joint · Articular cartilage · Children · T2 mapping · Magnetic resonance imaging · Semi-automatic 
segmentation

Introduction

Normal articular cartilage is an elastic tissue with smooth 
and resilient surface, which is comprised of chondrocytes 
and the extracellular matrix (ECM) [1, 2]. The ECM mole-
cules, primarily including water, proteoglycan and collagen, 
determine the cartilage functions such as loading-bearing, 
lubrication and antifriction. The biochemical assessment of 
articular cartilage by quantitative magnetic resonance imag-
ing (qMRI) can provide a non-invasive and non-ionizing 
radiation way to reveal the early pathological changes [3, 4] 
for orthopedic conditions in children such as hip osteoarthri-
tis (OA) [5], hip dysplasia [6], avascular necrosis (AVN) of 
the femoral head [7], etc. These disorders will have a seri-
ous impact on children, mainly related to limb development, 
joint function and quality of life. There are many reports on 
knee cartilage [8–10], but few are devoted to normal hip 
cartilage and related lesions, especially in children.

 *	 Mao Sheng 
	 shengmaosuzhou@163.com

 *	 Xiaodong Yang 
	 xiaodong.yang@sibet.ac.cn

1	 School of Medical Imaging, Xuzhou Medical University, 
Xuzhou 221004, China

2	 Suzhou Institute of Biomedical Engineering and Technology, 
Chinese Academy of Sciences, Suzhou 215163, China

3	 Department of Radiology, Children’s Hospital of Soochow 
University, Suzhou 215025, China

4	 School of Electronic Engineering and Optoelectronic 
Technology, Nanjing University of Science and Technology, 
Nanjing 210094, China

5	 School of Ophthalmology and Optometry, Eye Hospital 
of Wenzhou Medical University, Wenzhou 325027, China

http://orcid.org/0000-0002-5828-307X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10334-021-00962-9&domain=pdf


460	 Magnetic Resonance Materials in Physics, Biology and Medicine (2022) 35:459–466

1 3

The most common qMRI techniques for articular carti-
lage include T1 mapping [11], T1� mapping [12], T2 map-
ping [13], T2 ∗ mapping [14] and so on. Among them, T2 
mapping is frequently used to characterize the changes of 
water and collagen in articular cartilage [15]. Soellner et al. 
[13] found that T2 distribution is sensitive to early changes 
in articular cartilage injures. Watanabe et al. [16] performed 
T2 quantitative imaging based on multi-echo sequence on 
the hip joints of 12 healthy adults and found that there were 
differences in T2 values of different sub-regions of hip 
cartilage.

Clinically, it is not only time-consuming for experienced 
doctors to manually draw the region of interest (ROI) to 
calculate T2 value of a specific tissue, but also may lead 
to inaccurate T2 measurement and even misdiagnosis [17]. 
This study proposed a semi-automatic segmentation of hip 
cartilage in children and then analyzed the average T2 values 
of both femoral cartilage and acetabular cartilage at different 
zones to indirectly reflect the distribution of biochemical 
components in cartilage.

Materials and methods

Participants and their hip joints

From September 2019 to October 2020, 19 cases under 
9-year-old were enrolled from all children who underwent 
3-Tesla MRI (GE Discovery MR750) examination of hip 
joint in the Children’s Hospital of Soochow University 
(Suzhou, China). We used the following inclusion criteria: 
(1) bilateral hips scanned by MRI, (2) at least one normal 
healthy hip joint clinically diagnosed without any abnormal-
ities and (3) no previous treatment. All parents of children 
signed informed consent to participate in this study with the 
approval of the hospital institutional review board.

Data acquisition by T2 mapping technology

Half an hour before MRI examination, all subjects were 
given 10% chloral hydrate sedative orally at a dose of 0.5ml/
kg to avoid the influence of some factors such as motion 
artifacts on image quality. During the scanning, the children 
were in the supine position and kept both legs in a sym-
metrical neutral position. Quantitative T2 mapping based 
on the fast spin echo (FSE) sequence was used to perform a 
coronal scan of bilateral hip joints. The parameters were set 
as follows: echo train length 8, slice thickness 3 mm; spacing 
between slices 4.5 mm; matrix size 256×256; field of view 
(FOV) 300×300 mm; excitation 1; bandwidth 244 kHz; flip 
angle 90◦ ; repetition time 1500 ms; the first echo time (TE) 
7.49 ms; echo spacing 7.49 ms.

Interactive semi‑automatic segmentation

Due to the complex morphology of femoral cartilage and 
acetabular cartilage, an interactive semi-automatic algorithm 
based on mask was proposed to achieve a hip cartilage seg-
mentation and the flow chart was shown in Fig. 1. Firstly, 
the first echo from the eight echo images was eliminated to 
improve the T2 accuracy [18] and the remaining echo images 
were used for T2 measurement to generate a pseudo-color 
T2 map based on the mono-exponential function method 
(SI=S0 × exp(−TE∕T2)) . Secondly, a binary image without 
hip cartilage was generated by the maximum inter-class 
variance segmentation algorithm (Otsu, 1978), in which 
the gray-scale T2 map converted from pseudo-color map 
was used. Then, other regions far from hip cartilage were 
manually selected into the above binary image, which form 
the inverted mask image. Finally, because of the features that 
T2 value decreases from the superficial to the deep layer in 
articular cartilage [19] and the femoral head is close to a 2/3 
sphere, the femoral cartilage and acetabular cartilage could 
be separated from the whole hip cartilage. The T2 map of 
hip cartilage could be obtained by applying the mask on the 
original T2 map. The specific implementation of the seg-
mentation method was further integrated into the graphical 
user interface (Fig. 2) developed by the MATLAB 2018b 
(The MathWorks, Natick, MA, USA) program.

ROI setting and T2 measurement

To evaluate the T2 distribution of hip cartilage, the femoral 
cartilage and acetabular cartilage were individually divided 
into eight radial sections (sections F1∼F8) and six radial sec-
tions (sections A1∼A6) with equal angles from the lateral to 
the medial, as shown in Fig. 3. Moreover, each radial section 
was further divided into two layers representing the superfi-
cial layer and deep layer. For T2 measurements, all the above 
ROIs were automatically separated from the whole cartilage. 
For the division of radial sections, the angle (denoted as � ) 
between the outermost and innermost margin line of femoral 
cartilage was firstly calculated, and then eight equal angular 
intervals were set to divide cartilage into eight radial sec-
tions. The similar approach was applied to the radial sec-
tions setting of acetabular cartilage. Furthermore, at each 
radial section, a thickness of half the cartilage thickness was 
calculated to determine both the superficial and deep layers 
for femoral cartilage and acetabular cartilage, respectively.

Statistical analysis

IBM@ SPSS@ Statistics (Version 26; IBM Corp., Illinois, 
USA) was used for all analyses. The measurement data in 
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accordance with normal distribution were expressed as 
mean ± standard deviation. The unit of T2 value is ms. The 
relationship between the T2 value of each zone in normal 
hip cartilage and age was calculated by Spearman corre-
lation coefficient (denoted as rs ). One-way ANOVA was 
used to compare the differences of T2 values in each zone 
at different age groups, and the least significant difference 
method (LSD) was used to make pairwise comparisons 
between groups. Independent sample t-test was used to 
compare the differences of T2 values between surface and 
deep layers. When P < 0.05 , it can be considered that the 
difference is statistically significant.

Results

A total of 19 children were included in the collection of T2 
mapping images, of which 30 hip joints were diagnosed as 
normal by clinical assessment. According to the age, the 
cases were divided into three groups as 0 ≤age<3 ( n = 9 ), 
3 ≤age<6 ( n = 11 ) and 6 ≤age<9 ( n = 10).

According to one echo image of Fig. 4, we found that 
the head of femur was completely enclosed by articular 
cartilage to improve stability and the femoral cartilage in 
the shape of a semicircular ring clung to the femoral head. 

Fig. 1   Flow chart of femoral cartilage and acetabular cartilage segmentation based on T2 mapping images
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In early childhood, the acetabulum is a cartilage complex 
consisting of acetabular cartilage and Y-shaped cartilage 
due to the skeletal immaturity of the pelvis composed 
of the ischium, ilium and pubis bone [20]. The pseudo-
color T2 map showed that cartilage T2 was about between 
20∼ 80 ms, and gradually decreased from the surface to the 
deep layer indicating that the water content of cartilage 
surface was higher than that of layer close to bone. For 
T2 measurement, both the femoral cartilage and the true 
acetabular cartilage were included in our study.

As shown in Table 1, results of rank correlation and 
one-way ANOVA analysis illustrated negative correlations 
between T2 values at various sections of femoral carti-
lage and the age of children ( rs < −0.60 , P1 < 0.05 ). With 
respect to the pairwise comparison of femoral cartilage T2 
between various radial sections, some results obtained by 
the LSD post hoc test (P) were given in the following state-
ments. In three age groups, femoral cartilage in the deep 
layers showed the shortest T2 values at section F3 except 
for the medial peripheral sections ( P < 0.05 ). There was 
no significant difference of cartilage T2 at superficial sec-
tions (F3∼F5) near the vertex of femoral head ( P < 0.05 ). 
Femoral cartilage T2 in both superficial and deep layers had 
the tendency of an increase from section F3 to both sides. 
Furthermore, in the three age groups, femoral cartilage T2 

in the superficial layer was higher than in the deep layer for 
each regional cartilage ( P2 < 0.05).

As shown in Table 2, T2 values at all sections of ace-
tabular cartilage were negatively correlated with age 
( rs < −0.60 , P1 < 0.05 ). To investigate the difference of 
acetabular cartilage T2 between various radial sections, the 
data were analyzed statistically. In age < 3 group, there was 
no significant difference of acetabular cartilage T2 at sec-
tions A1∼ A4 in both superficial and deep layers ( P > 0.05 ). 
In 3 ≤age < 6 and 6 ≤age < 9 groups, acetabular cartilage T2 
at sections A3 and A4 in both superficial and deep layers was 
higher than that at section A1 ( P < 0.05 ), and cartilage T2 
at section A4 in both layers was also higher than that at sec-
tions A2, A5 and A6 ( P < 0.05 ). Furthermore, in the three 
age groups, acetabular cartilage T2 in the superficial layer 
was higher than in the deep layer for each regional cartilage 
( P2 < 0.05).

Discussion

Conventional morphological MRI techniques are not 
sensitive to the changes of biochemical components in 
the early stage of articular cartilage damage. The qMRI 
approaches could reveal certain biochemical parameters 

Fig. 2   Graphical user interface (GUI) for semi-automatic segmenta-
tion of hip cartilage. a–c were three parts, which were respectively 
used to display case information, the image processing manipulates 
and the original image and ROI. d mainly completed the segmenta-
tion and filling of holes based on the grayscale images. e was firstly 
obtained by multiplying the mask in d after inversion with original 

T2 map and fitted the central circle of the femoral head, and then 
relied on line 1 and line 2 to determine the acetabular cartilage 
region, which was similar to the femoral cartilage. f was mainly used 
to display the segmentation results, including mask, pseudo-color 
map and T2 value
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( T1, T2, T2 ∗,T1� , etc.) which were with respect to the 
inherent characteristics of cartilage with early degenerative 
changes. T2 mapping is a technique to evaluate the structural 
integrity and water content of cartilage. Previous studies 
have shown that the increase of T2 value is closely related 

to the loss of collagen fiber integrity and the increase of 
water content in cartilage matrix, so T2 value can be used as 
a biomarker for early observation of cartilage injury [10, 21].

Image segmentation of hip cartilage is an important pre-
requisite for T2 measurement. At present, the clinical meas-
urement of cartilage T2 of hip joints mainly depends on 
doctors to draw the ROIs on the T2 map generated by post-
processing workstation, which not only takes a lot of time 
and energy, but also has low reliability (repeatability). Scott 
et al. [17] proposed a semi-automatic segmentation approach 
for cartilage segmentation of hip MRI images, which mainly 
used a bespoke segmentation method applied recursively to 
automatically divide the data volume generated, and then 
the user selected the ROIs using the region editor. Ying Xia 
et al. [22] proposed a fully automatic scheme for segmenting 
individual femurs and acetabular cartilage plates in human 
hips from high-resolution 3D MR images. In our study, a 
semi-automatic segmentation algorithm based on mask was 
integrated into MATLAB GUI, and cartilage T2 was auto-
matically measured at various ROIs. With the combination 
of human-computer interaction and automatic segmenta-
tion, femoral cartilage and acetabular cartilage could be 
segmented accurately, which would effectively reduce the 
complexity of the algorithm. Additionally, the interactive 
method improved the objectivity of T2 quantitative analysis 
to some certain degree and was friendly to low resolution 
images.

The T2 distribution of hip cartilage in children can pro-
vide an effective auxiliary diagnosis for early quantitative 
evaluation of related diseases from a long-term point of 
view. In this study, the distribution of T2 values was mainly 
conducted on the normal hip cartilage of children. It was 
found that cartilage T2 decreases gradually with the grow-
ing of age, which might be attributed to the increasing of 
collagen content during the maturation process of children’s 
bones. Watrin et al. [23] found that the T2 values progres-
sively decreased with the maturation of cartilage, mainly 
because both the decrease of proteoglycan and the increase 
of collagen limited the space available for free water, which 
was consistent with our result.

In a research on knee joint, Meng et al. [24] pointed out 
that articular cartilage might show anatomical regional 
differences and spatial heterogeneity due to different load 
distribution in physiological activities. Ferro et al. [25] 
found that there was a significant difference between 
patients with femoroacetabular impingement (FAI) and 
asymptomatic volunteers by comparing the T2 values of 
lateral and medial acetabular cartilage under load and they 
believed that this was due to the increased load of medial 
acetabular cartilage. For children’s hip joints, because of 
the orientation-dependent dipolar interaction [26], carti-
lage T2 in both superficial and deep layers increased in 
radial sections oriented close to the magic angle relative to 

Fig. 3   Division of femoral cartilage and acetabular cartilage. a Fem-
oral cartilage (donated as F). b Acetabular cartilage (donated as A). 
Both femoral cartilage and acetabular cartilage were divided into 
radial sections and each radial section was further divided into super-
ficial (transparent yellow area) and deep (transparent red area) layers. 
The central circle of the femoral head was found by fitting the points 
at the junction of the two types of cartilage. A center line that was 
parallel to the static magnetic field B0 and through the center of the 
femoral head was drawn. The magic angle 54.7◦ relative to B0 was 
located in the section F6 of femoral cartilage or in the section A4 of 
acetabular cartilage
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the static magnetic field B0 except for innermost sections. 
Furthermore, the hip belongs to a ball-and-socket joint, 
and the main stress points are concentrated on the vertex 
of the femoral head and the upper-inner edge of the ace-
tabulum during joint activities. In these loading-bearing 
areas, we found femoral cartilage and acetabular cartilage 

showed the relatively low T2 values compared with car-
tilage T2 at the lateral peripheral sections and the section 
of magic angle 54.7◦ relative to B0 . Superficial cartilages 
located in the loading-bearing areas are more often worn 
with pressure during joint activities, which may lead to the 
increased density of collagen fibers and the exudation of 

Fig. 4   An echo image and the 
pseudo-color map of bilateral 
hip joint in a 7-year-old normal 
child. a was one echo image and 
b was a T2 map fitted by mul-
tiple echo images. In the color 
scale, red indicated there was a 
low T2 value, and blue indicated 
there was a high T2 value

Table 1   T2 values at various radial ROIs of femoral cartilage in different age stages

1 F and P1 were the result of one-way ANOVA for age groups, and F was defined as the ratio of variance of the group means to mean of the 
within group variance to determine whether a set of means were all equal
2 P2 was the probability obtained by independent sample t-test

Division Sections

F1 F2 F3 F4 F5 F6 F7 F8

Superficial layer Age < 3 65 ± 2 64 ± 3 59 ± 5 63 ± 6 63 ± 4 64 ± 7 61 ± 3 58 ± 3
3≤Age < 6 59 ± 3 59 ± 4 55 ± 3 57 ± 2 58 ± 2 60 ± 3 54 ± 3 52 ± 3
6≤Age < 9 53 ± 2 53 ± 2 49 ± 5 52 ± 5 52 ± 4 53 ± 4 46 ± 3 44 ± 3

rs −0.90 −0.90 −0.79 −0.73 −0.87 −0.76 −0.98 −0.94

F(P1) 40 (<0.001) 31 (<0.001) 15 (<0.001) 13 (<0.001) 24 (<0.001) 15 (<0.001) 63 (<0.001) 61 (<0.001)
Deep layer Age < 3 51 ± 3 50 ± 2 46 ± 3 49 ± 4 51 ± 2 53 ± 3 51 ± 4 50 ± 4

3≤Age < 6 49 ± 2 48 ± 4 43 ± 2 46 ± 4 48 ± 4 49 ± 3 46 ± 2 45 ± 2
6≤Age < 9 46 ± 2 42 ± 2 40 ± 3 43 ± 2 43 ± 2 44 ± 3 41 ± 2 41 ± 3

rs −0.70 −0.77 −0.73 −0.63 −0.76 −0.85 −0.92 −0.84

F(P1) 10 (<0.001) 20 (<0.001) 12 (<0.001) 7 (0.004) 17 (<0.001) 18 (<0.001) 30 (<0.001) 19 (<0.001)
t(P2) Age < 3 11 (<0.001) 11 (<0.001) 7 (<0.001) 6 (<0.001) 8 (<0.001) 5 (<0.001) 5 (<0.001) 5 (<0.001)

3≤Age < 6 8 (<0.001) 7 (<0.001) 11 (<0.001) 8 (<0.001) 8 (<0.001) 8 (<0.001) 7 (<0.001) 6 (<0.001)
6≤Age < 9 7 (<0.001) 11 (<0.001) 6 (<0.001) 5 (<0.001) 5 (<0.001) 5 (<0.001) 5 (<0.001) 3 (0.012)
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interstitial water from the articular cartilage surface [27]. 
Changes from these biochemical components would result 
in a decrease of cartilage T2. However, when coupled with 
an increase of the angle relative to B0 , the T2 values still 
showed an increasing trend. In a study of children with 
developmental dysplasia of the hip (DDH) under 2 years 
old, Sun et al. [28] also concluded that the femoral carti-
lage at the apex of the femoral head and acetabular carti-
lage in the surface of the ilium are the most characteristic 
changes.

Unlike mature articular cartilage [29], children’s car-
tilage can be depicted as three different layers under the 
high-resolution high-field-strength imaging [30]. The 
superficial zone is thin with collagen fibers parallel to the 
cartilage surface and the transitional zone is thicker with 
randomly oriented fibers. However, articular cartilage was 
actually divided into superficial and deep layers with a 
split of 50/50 in our study. The “superficial” layer in our 
study may contain the superficial zone and large part of 
transitional zone. As other reports [8, 31] have revealed 
from spatial variety, our study also showed that the T2 
values of femoral cartilage and acetabular cartilage might 
decrease gradually from superficial layer to deep layer. 
In the superficial layer, the content of chondrocytes with 
flattened shape and randomly distribution is relatively high 
and the collagen fibers arranged parallel to the surface or 
in an oblique and randomized orientation to the surface. 
There are some variations in biochemical components 
of articular cartilage with depth far from the superficial 
layer. The content of proteoglycan is high and collagen 
fibers with larger diameter are arranged perpendicular to 

the joint surface. These changes may lead to a low T2 
because of the solid components restricting the free water.

Our research also has some limitations. First, only nor-
mal hip joints with a small sample size were included in 
this study. In future studies, we need to expand the sample 
size to investigate differences in cartilage T2 of hip-related 
diseases, especially developmental dysplasia of the hip that 
was common seen in pediatric orthopedics. Second, there 
were still some subjective factors under the condition of 
semi-automatic segmentation, which might lead to the inac-
curacy of T2 measurement. We are considering to develop a 
deep learning algorithm based-segmentation for automatic 
segmentation of articular cartilage. Third, large FOV was 
used for the acquisition of hip articular cartilage in children 
to obtain MRI images with bilateral hip joints. The optimi-
zation of T2 mapping parameters should be scheduled to 
improve the image resolution, and high-resolution images 
will be subsequently available to realize automatic segmen-
tation and to calculate T2 map accurately.

Conclusion

The T2 value decreases as the cartilage developing into a 
more mature state. Cartilage T2 values in the weight-bearing 
areas are relatively low due to an increase of collagen den-
sity and the loss of interstitial water. The restriction of the 
water molecules by solid components in the deeper layer of 
cartilage may decrease the T2 value.

Table 2   T2 values at various 
radial ROIs of acetabular 
cartilage in different age stages

1 F and P1 were the result of one-way ANOVA for age groups, and F was defined as the ratio of variance 
of the group means to mean of the within group variance to determine whether a set of means were all 
equal
2 P2 was the probability obtained by independent sample t test

Division Sections
A1 A2 A3 A4 A5 A6

Superficial Age< 3 61 ± 4 63 ± 5 63 ± 4 65 ± 6 63 ± 4 61 ± 8
layer 3≤Age<6 54 ± 3 56 ± 3 59 ± 4 60 ± 3 55 ± 3 51 ± 3

6≤Age<9 48 ± 2 50 ± 2 53 ± 4 53 ± 5 48 ± 2 45 ± 3
rs −0.91 −0.90 −0.87 −0.83 −0.95 −0.87

F(P1) 38 (<0.001) 28 (<0.001) 16 (<0.001) 14 (<0.001) 44 (<0.001) 25 (<0.001)
Deep Age<3 57 ± 4 60 ± 3 59 ± 5 57 ± 7 55 ± 4 50 ± 6
layer 3≤Age<6 47 ± 3 53 ± 3 55 ± 4 50 ± 3 47 ± 2 45 ± 2

6≤Age<9 43 ± 2 44 ± 3 46 ± 1 48 ± 3 44 ± 5 41 ± 4
rs −0.93 −0.97 −0.83 −0.66 −0.77 −0.63

F(P1) 56 (<0.001) 66 (<0.001) 32 (<0.001) 11 (0.004) 20 (<0.001) 10 (0.001)
t(P2) Age<3 3 (0.020) 2 (0.034) 3 (0.017) 2 (0.033) 4 (0.001) 3 (0.003)

3≤Age<6 5 (<0.001) 2 (0.045) 2 (0.049) 9 (<0.001) 7 (<0.001) 5 (<0.001)
6≤Age<9 6 (<0.001) 5 (<0.001) 5 (<0.001) 3 (0.013) 3 (0.011) 2 (0.045)
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