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Impaired ossification coupled with accelerated
cartilage degeneration in developmental dysplasia
of the hip: evidences from μCT arthrography in a
rat model
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Abstract

Background: Developmental dysplasia of the hip (DDH) always leads to cartilage degeneration and osteoarthritis of
the hip joint. However, the diagnosis of early cartilage degeneration in DDH is still a clinical challenge. This study aims
to investigate the dynamic changes of bone and cartilage in the hip of a rat model of DDH and to explore the
potential application of microcomputed tomography (μCT) arthrography to detect early cartilage degeneration in DDH.

Methods: Newborn Wistar rats were used to induce DDH by hindlimb swaddling. The bone and cartilage of the hip in
model and control group were analyzed by μCT arthrography and histology examination at postnatal day 10, week 4, 6
and 8.

Results: Hip dysplasia developed with age, became obvious at postnatal week 6 and further progressed at week 8.
μCT analysis showed that bone mineral density (BMD) and bone volume density (bone volume over total volume,
BV/TV) of the femoral head and neck region (FHNR) in model group were both significantly lower than those in
control group, and they increased dramatically from postnatal week 4 to week 6 but maintained at a similar level
at week 8. Contrast-enhanced μCT (CE-μCT) arthrography and histology data showed age-dependent increase in
cartilage attenuation (CA) and decrease in safranin O staining intensity (SI) in model group, respectively. Moreover,
the model group revealed remarkably higher CA and lower SI than control group, respectively. In addition,
significant changes of CA and SI were both observed from postnatal week 6 to week 8 in model group. A strong
linear correlation (r2 = 0.789, P <0.001) was found between CA and SI in model group. Furthermore, BMD was
negatively correlated with SI (t = −2.683, P <0.05), whereas specific bone surface (bone surface over bone volume,
BS/BV) was positively correlated with SI (t =4.501, P <0.01), in model group.

Conclusions: Impaired ossification coupled with continuous loss of sGAG in cartilage matrix was found in the
dysplasia hip during the disease progression of DDH. Cartilage degeneration in the dysplasia hip may occur early
at childhood, accelerated with age and become irreversible at young adult stage. All these abnormal changes
could be quantitatively assessed by μCT arthrography.
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Background
Developmental dysplasia of the hip (DDH) is a common
developmental skeleton defect [1]. Although screening and
management for DDH has been developing during the de-
cades [2], the number of late cases is not decreasing due to
its insidious onset [3]. A part of patients who received im-
proper treatment in childhood may develop into residual
DDH. For these patients, most of them would progress to
severe hip osteoarthritis (OA) which requires total hip
arthroplasty (THA), if cartilage degeneration of the dyspla-
sia hip could not be detected early and treated appropri-
ately. However, the surgery is more complicated and the
incidence of postoperative complications is much higher
when comparing to other primary THAs [4]. Therefore, the
best strategy to prevent the dysplasia hip into sever OA is
to diagnose it as early as possible and to reestablish the nor-
mal contact between femoral head and acetabulum before
the onset of irreversible degeneration of the hip cartilage
[5]. Nevertheless, the unconspicuous symptoms and signs
of the early-stage cartilage degeneration in DDH patients
make early diagnosis difficult. The key issues are when such
degenerative process begins and when it becomes irrevers-
ible in DDH, and more importantly, how to detect it sensi-
tively and early. At present, there is still lack of knowledge
regarding to these questions.
Previous studies have well documented the natural his-

tory of DDH, in which the deformity of hip bone contrib-
utes to aberrant stress on the joint cartilage [6]. Moreover,
the loss of sulphated glycosaminoglycan (sGAG) in cartilage
matrix was considered to be characteristic for early cartilage
degeneration [7]. Thus, we conducted this study in a rat
model of DDH to investigate the pattern of bone develop-
ment as well as the dynamic changes of sGAG content in
dysplasia hip during the disease progression of DDH by
μCT arthrography and histology examination. μCT imaging
can provide nondestructive three-dimensional (3-D) ana-
lysis of the bone [8,9]. Contrast-enhaced μCT (CEμCT) can
quantitatively reflect sGAG content in the cartilage matrix
by measuring the equilibrium partitioning of the ionic con-
trast agent Hexabrix 320 due to the loss of negatively
charged sGAG in cartilage matrix [10]. Results of μCT
arthrography will be compared with histological findings
and the correlation between them will be further tested.
We hypothesized that the abnormal biomechanical condi-
tion of DDH impairs postnatal development of hip bone
and cartilage, and it further induces early degeneration of
joint cartilage, which could be quantitatively assessed by
μCTarthrography.

Methods
Animals and DDH model
Six pregnant Wistar rats were used in the study. The preg-
nant rats were housed in dark and quiet environment and
the gestational period ranged from 21 to 23 days. A total
of 32 female newborn rats were randomly selected and di-
vided into model group (n =20) and control group (n =12)
and breastfed by their mothers till postnatal day 28.
Thereafter, they were kept in separate cages and fed with
standard diet. All the rats were maintained under standard
animal housing conditions (12-h light, 12-h dark cycles
and free access to food and water) in the Laboratory Ani-
mal Center of Sun Yat-sen University. In model group, the
rats’ hindlimbs were fixed together at the position of hip
adduction and extension as well as knee extension with
medical tapes for the first postnatal 10 days as previously
reported [11,12]. The straight-leg swaddling method was
performed in a manner that simulated human swaddles
(Additional file 1: Figure S1). During the first 10 days, the
rats were released from the swaddling and allowed unre-
stricted motion for an hour per day. After 10 days, the
swaddles were removed. In control group, there was not
any intervention on the rats. Sequentially, five rats from
model group and three rats from control group were ran-
domly chosen to be sacrificed at postnatal day 10, week 4,
6 and 8. The rationale behind these 4 time points was that
the time points corresponds to human infancy stage, child
stage, teenager stage and young adult stage, respectively.
In different ages, necropsy specimens of the whole pelvis
with bilateral hip joints were isolated from rats in both
groups after euthanasia. All the procedures for animal
models were approved by the Sun Yat-sen University eth-
ics committee (Approval No. IACUC-2012 0704).

Sample management and macroscopic observation
At different ages above, the pelvises with bilateral hips were
harvested after the rats were killed. The muscle around the
hip joint was dissected carefully, reserving the joint capsule.
Thereafter, the necropsy specimens were photographed and
then kept in phosphate buffered saline (PBS) with protease
inhibitor (Complete, EDTA-free Protease Inhibitor Cocktail
Tablets, Roche) at 4°C till μCT scan [13]. Several punctures
were made in the hip capsule with 21 gauge needle to allow
the penetration of the preserving reagent. Each sample was
scanned by μCT for twice. And immediately after the first
time μCT scan, the hip capsule was removed and the fem-
oral head were separated from the acetabulum, photos of
the femoral head and acetabulum were subsequently cap-
tured and the specimens were subjected to CEμCT scan.

μCT scan and analysis
The whole pelvises with bilateral hips from both groups at
each time point were scanned ex vivo using a μCT system
(ZKKS-MCT-Sharp, Zhongke Kaisheng Medical Technol-
ogy, Guangzhou, China) at 60kVp and 667 μA. Briefly, 250
slices with a voxel size of 20 μm were acquired in the re-
gion including the entire pelvis, the hip joint and the prox-
imal 1/3 of the femur. All the slices were segmented by the
built-in software (3DMed 4.1, Zhongke Kaisheng Medical
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Technology, Guangzhou, China) to provide a 3-D view of
the entire bony structure of the pelvis with bilateral hips.
Thereafter, 80 slices including the femoral head and neck
region (FHNR) on the XY plane (the anteroposterior view)
were selected and segmented for 3-D reconstruction of the
bony structure of this region with the following parameters
calculated: BMD (bone mineral density), BV/TV (bone vol-
ume over total volume, bone volume density), BS/BV (bone
surface over bone volume, specific bone surface).

Assessment of acetabular angle
The μCT slices on the XY plane revealed the entire pel-
vis in an anteroposterior (coronal) view. To determine
the radiographic acetabular angle (AA), the slice show-
ing the widest inferior margin of ilium was selected,
then one line (line A) was drawn between the intersec-
tion point of the ilium and ischium at each side and an-
other line (line B) was drawn across the outer edge of
the inferior margin of ilium and the above-mentioned
intersection point (Additional file 2: Figure S2). Accord-
ingly, the AA was defined as the angle formed by the
two lines and was calculated for each specimen.

CE-μCT scan and analysis
After the first μCT scan, the specimens were taken out
from the scan cabin and joint capsule was incised to separ-
ate the femoral head from acetabulum. The entire surface
of femoral head cartilage was then exposed and immersed
in contrast medium (40% Hexabrix 320 and 60% PBS) and
water bathed at 37°C for 30 minutes [13]. Thereafter, the
specimens were gently patted dry and immediately placed
on the fixture and scanned by the same μCT system at
60kVp and 667 μA. The total slices with the entire FHNR
including cartilage, subchondral bone and trabecular bone
were identified on the XY plane images. A histogram of the
X-ray attenuation values was first produced by the built-in
software, revealing two peaks corresponding to contrast-
enhanced articular cartilage and calcified bone. To distin-
guish the cartilage from the bone, the selected slices were
segmented by manually assigning the lower and upper
thresholds to isolate the voxels within the cartilage peak,
which unavoidably contained a few bone marrow voxels.
To determine the cartilage attenuation (CA) of the femoral
head cartilage layer, contour lines were manually drawn on
every selected slice to eliminate marrow space and the aver-
age attenuation was calculated with all the region of interest
(ROI) within the contour lines in the selected slices. In
addition, the distribution of contrast reagent in femoral
head cartilage layer was displayed by pseudo-color in the
medial slice of each specimen.

Histological analysis
Following μCT scan, all femoral head specimens were
fixed in 4% paraformaldehyde for 24 hours, decalcified in
10% EDTA for 3 to 4 weeks. Dehydrated specimens were
embedded in paraffin and coronal sections were sequen-
tially cut at 5 μm thickness. Sections were deparaffinized
in xylene and graded ethanol, stained for sGAGs with a
0.5% safranin-O solution and a 0.2% aqueous solution of
fast green as a counterstain. Thereafter, the stained sec-
tions were dehydrated, cleared, mounted with cover slip.
Sections containing the medial area of the femoral head
cartilage were selected and digital images were captured
with the Olympus BX51 optical microscope. The images
were then exported to Image-pro Plus 6.0 software, and
the ROI of cartilage layer was selected to calculate the
safranin-O SI of this region to reflect the content of
sGAG.

Statistical analysis
All quantitative data in this study were presented as mean
values with standard deviations. Data were analyzed using
the SPSS 19.0 statistical software (IBM SPSS Statistic
19.0). Two-way analysis of variance (ANOVA) and Tur-
key’s test for post-hoc analyses were used for comparison
between the two groups across different time points. The
multiple-linear regression model was used to evaluate the
correlation between μCT parameters of bony structure
and SI. The general-linear regression model was used to
analyze the relationship between CA and SI with all the
data from model group pooled together. Statistical signifi-
cance was set at P <0.05.

Result
Rats in model group showed morphological deformity of
the dysplasia hips
No obvious differences in body weight and length were
found between the rats in model and control groups
from postnatal day 10 to week 8 (data not shown).
Thickening of the hip joint capsule was found in model
group at each time point. In contrast, the joint capsule
in control group was thin and transparent enough for
the visualization of joint cartilage (Figure 1A). Shallow
acetabulum and irregular flat femoral head was also
found in model group and false acetabulum was further
observed in some of the specimens at postnatal week 6
and week 8 (Figure 1B). The macroscopic grades of the
hip cartilage in model group increased dramatically from
postnatal day 10 to week 8, whereas they showed min-
imal changes in control group (Figure 1C).
Because of the cartilaginous structure in hip in the early

postnatal period, the hip containment and AA in both
groups could not be measured in μCT arthrography until
postnatal week 4. The outer edge of acetabulum in model
group was too steep to offer enough coverage to femoral
head (Figure 2A). Quantitatively, the average degree of
AA in model group was 47.6 ± 7.3 at postnatal week 4, in-
creased slightly to 51.9 ± 8.8 at postnatal week 6 and



Figure 1 Time course changes of the macroscopic features of the hips. (A) General view of the hips in each group at different time points (yellow
arrows indicating the thickening of the joint capsule). (B) Local appearances of the acetabulum and the femoral head in each group at the end of
post-natal week 6 and week 8 (white arrows indicating the false acetabulum). (C) Macroscopic grade of the femoral head cartilage in each group at
different time points. Note: *: P <0.05 vs mice in control group; #: P <0.05 vs mice at post-natal day 10; &: P <0.05 vs mice at post-natal week 4.
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Figure 2 Time course changes of the acetabular angles (AA). (A) Representative anterior-posterior views of the AA in each group at different
time points by two-dimensional μCT imaging. (B) Quantitative analysis of the AA in each group at different time points. Note: *: P <0.05 vs mice
in control group; #: P <0.05 vs mice at post-natal week 4; &: P <0.05 vs mice at post-natal week 6.
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raised dramatically to 61.6 ± 8.1 at postnatal week 8
(P <0.05), while the average AA in control group main-
tained at a low degree. Furthermore, AA in model group
was significantly higher (33.6%, 50.8% and 63.1%, P <0.01,
respectively) than control group at the later 3 time points
(Figure 2B). According to μCT reconstruction images, hip
deformity in model group was more distinguished with in-
creasingly shallow acetabulum and malposition of the
femoral head from postnatal week 4 to week 8 (Figure 3).
Notably, false acetabulums in some of the specimens from
model group at week 6 and week 8 were also imaged by
μCT (Figure 3B).

Advanced but impaired ossification of the femoral head
and neck region was found in the dysplasia hips
As shown in 3-D μCT images, the FHNR in model group
appeared flat and irregular shapes without significant
changes in size with age, whereas those in control group
showed steady enlargement of the size and reformation of
a hemisphere-like femoral head (Figure 4A). BMD and
BV/TV increased while BS/BV decreased with age in both
groups. As compared to control group, BMD and BV/TV
in model group were significantly lower (P <0.01) at the
later 3 time points, whereas BS/BV were remarkably
higher (P <0.05) only at postnatal week 6 (Figure 4B).
Interestingly, BMD and BV/TV in model group increased
dramatically from postnatal week 4 to week 6 (19.9% and
75.6%, P <0.05, respectively) but maintained at a similar
level from week 6 to week 8 (0.5% and 7.4%, respectively).
However, the two parameters in control group increased
steadily across the time points (Figure 4B).

Impaired development and accelerated degeneration of
the joint cartilage was found in the dysplasia hips
According to the CE-μCT analysis, CA in femoral head
cartilage layer increased with age, while according to the
safranin-O stained histology examination, SI of the cor-
responding cartilage area decreased with age (Figure 5).
The results may attribute to endochondral ossification in
femoral head during postnatal development. On the
other hand, CA was obviously higher, while SI was obvi-
ously lower, in model group than those in control group,
respectively, indicating enhanced loss of the sGAG in
joint cartilage of dysplasia hip (Figure 5). Consistent with
the visualized estimation, quantitative analysis further
proved that CA in model group was 25.6%, 32%, 18%
and 22.5% higher than control group at postnatal day 10
and week 4, 6 and 8, respectively, while SI in model
group was 13.5%, 19.3%, 29.6% and 42.8% lower than
control group at the corresponding time point, respect-
ively (Figure 6A-C). All the differences above between
the two groups were statistically significant (P <0.01).
Notably, the age-dependent increase in CA and decrease
in SI both peaked at postnatal week 8 in model group



Figure 3 Time course changes of the hip bony structure by μCT based three-dimensional reconstruction. (A) General views of the hip
bony structure in each groupat different time points. (B) The hip bony structure in model group. Note: the white arrows indicating shallowing of
the acetabulum; the yellow arrows indicating malposition of the femoral head; the red arrows indicating false acetabulum.
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(P <0.05), whereas remarkable increase in CA and
decrease in SI was only detected from postnatal week 4
to week 6 in control group (P <0.05), respectively
(Figure 6A & B).

μCT arthrography could predict the extent of sGAG loss
in joint cartilage of the dysplasia hips
In addition, a strong linear correlation (r2 = 0.789, slope
= −0.17, P <0.001, n =20; Figure 6D) between CA and
the SI was detected after analysis of the femoral head
specimens pooled across ages in model group. Moreover,
multiple linear regression analysis showed that BMD
was negatively correlated (t = −2.683; P <0.05), while BS/
BV was positively associated (t =4.501; P <0.01) with SI
(Table 1).

Discussion
In the present study, we built a hindlimb swaddling model
to induce DDH in newborn Wistar rats as previously
reported [11,12] and to investigate the dynamic changes
of bone and cartilage during postnatal development in
dyaplasia hips. We applied μCT arthrography to evaluate
bone and cartilage quality in dysplasia hips by comparison
with histological findings. Dysplasia hip was successfully
induced, which was observed immediately after the swad-
dling was removed, developed with age, became obvious
at postnatal week 6 and further progressed at week 8. The
ossification of the FHNR was advanced but impaired in
dysplasia hips. The extent of sGAG loss in joint cartilage
was much more significant in dysplasia hips than that in
normal controls. Furthermore, BMD and BS/BV calcu-
lated by μCT and cartilage CA measured by CE-μCT were
found to be sensitive predictors for the content of sGAG
in femoral head cartilage in dysplasia hips.
According to the macroscopic results, we observed not-

able morphological changes of the bony structure of the
dysplasia hip in model group including the shallow acet-
abulum and flat femoral head, which are in concordance



Figure 4 Time course changes of the bony structure of the femoral head and neck region by three-dimensional μCT analysis. (A)
Representative three-dimensional μCT reconstructed images of the femoral head and neck region in each group at post-natal week 4, 6 and 8.
(B) Quantitative analysis of the bony structure of the femoral head and neck region in each group at post-natal week 4, 6 and 8. Note:
*: P <0.05 vs mice in control group; #: P <0.05 vs mice at post-natal week 4; &: P <0.05 vs mice at post-natal week 6.
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with the findings of other studies [11,12]. The average de-
gree of AA was significantly higher in model group than
control group and increased remarkably from postnatal
week 6 to week 8. Moreover, the formation of false acetabu-
lum was also detectable at the later time points. These re-
sults implied the deformity of bony structure in dysplasia
hip aggravated from postnatal week 6 to week 8. On the
other hand, we also detected significantly lower BMD and
BV/TV in the FHNR of model group when compared to
control group by μCT analysis. It has been reported that
BMD at the hip in adult DDH patients who received con-
servative treatment in childhood was significantly lower
than normal controls [14], whereas another study found
that BMD at calcaneus of proximal femur was significantly
higher in patients with severe DDH (average central-edge
angle was 6.7°) than in controls [15]. Thus, the relationship
between BMD and DDH is still controversial, which may
attribute to the different stages of DDH as well as different
treatments the patients received. Additionally, BMD was
also identified as a predictor for osteoarthritis in several
animal studies [16,17]. Furthermore, BMD is an accepted
parameter in determining the status of bone mineralization
[18]. Considering that the rats used in this study were so
young that the hips were still under postnatal development
characterized by endochondral ossification, it is reasonable
to find the FHNR of DDH rats with lower BMD than nor-
mal controls as a result of impaired endochondal ossifica-
tion. On the other hand, we also observed different
tendencies in the dynamic changes of BMD and BV/TV of
FHNR between model and control groups. Interestingly,
the two parameters peaked at postnatal week 6 in model
group, whereas they continued to increase from postnatal
week 6 to week 8 in control group. This result probably
suggested an earlier termination of the endochondal ossifi-
cation of the femoral head cartilage in DDH subjects, which
further proved the impaired ossification of dysplasia hip
during postnatal development and might explained the
bone deformity of the hip observed in DDH rats at different
stages.
Our histological data demonstrated significant lower

content of sGAG in the cartilage matrix of dysplasia hip
than normal controls at different postnatal stages, indicat-
ing the impairment of cartilage development during the
disease progression of DDH. We also found age-
dependently increasing loss of sGAG in femoral head car-
tilage of DDH rats, implying the early onset of cartilage
degeneration at childhood and the remarkable progression
of the degenerative changes in dysplasia hips with age. It



Figure 5 Representative CE-μCT images (A) and corresponding histological sections (B) of the femoral head cartilage in each group at
different time points.
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should be noted that endochondral ossification is another
postnatal factor leading to the loss of sGAG in the femoral
head cartilage [19,20]. During this normal developmental
process, the content of sGAG decreased mildly as evi-
denced by the slightly decrease of safranin-O SI with age
in control group by histology analysis. Further, remarkable
decrease of SI was found only from postnatal week 4 to
week 6 in control group, indicating the peak of endonch-
ondral ossification in this period. However, significant de-
crease of SI in model group was observed from postnatal
week 4 to week 6 and continued to week 8, suggesting an
extensive loss of sGAG in the cartilage matrix of dysplasia
hip at this later time point. Our results were consistent
with a previous study showing that degenerative cartilage
changes occurred in a similar DDH model at postnatal week
4 and became aggravated with age [12]. In that study, Bo
and colleagues observed continuous loss of sGAG and
significantly increased expression of type X collagen and
MMP-13, two markers of cartilage degeneration, in dysplasia
hip as compared to controls. Moreover, the mRNA level of
MMP-13 was dramatically elevated from postnatal week 6
to week 8. Given the knowledge that MMP-13 mainly con-
tributes to the degeneration of type II collagen during cartil-
age degeneration [21,22], high expression of this collagenase
is related with extensive degeneration of type II collagen
[22], which has been recognized as irreversible changes for
cartilage degeneration [23]. Taken together, it suggests the
irreversible cartilage degeneration may start from postnatal
week 6 to week 8 in DDH rats. Additionally, the time point
were also consistent with the time when AA increased sig-
nificantly and false acetabulum formed, indicating that the
remarkable bone deformity may be another signal for the ir-
reversible cartilage degeneration in dysplasia hip.
Currently in clinical practice, it is impossible to per-

formed hip cartilage biopsy on patients with DDH at dif-
ferent stages to diagnose cartilage degeneration. One



Figure 6 Quantitative analysis of the changes in cartilage attenuation of CE-μCT images and staining intensity of the safranin-O
stained histological sections. (A) Time course changes of the average cartilage attenuation of the femoral head cartilage layer in each group.
(B) Time course changes of the average staining intensity of the femoral head cartilage layer in each group. (C) Percentage cartilage attenuation
and staining intensity changes of femoral head cartilage layer from the model group over the control group. (D) Linear regression of cartilage
attenuation vs staining intensity for femoral head specimens pooled across all the time points in model group. Note: *: P <0.05 vs mice in control
group; #: P <0.05 vs mice at post-natal day 10; &: P <0.05 vs mice at post-natal week 4; +: P <0.05 vs mice at post-natal week 6.
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alternative but also the most applicable approach is to use
imaging technique to diagnose these patients and to
detect signs for cartilage degeneration. Though several
studies have demonstrated the application of radiography,
CT and MRI to diagnose the DDH-related cartilage
Table 1 Multiple linear regression of three-dimensional
μCT parameters of the bony structure of the femoral
head and neck regions and the staining intensity of the
safranin-O stained femoral head section

Parameters Beta t P.

BMD - 0.553 - 2.638 0.014*

BV/TV 0.38 1.429 0.165

BS/BV 0.795 4.501 0.000*

*: P <0.01.
degeneration and secondary OA in patients [24-26], there
is still a lack of research to directly compare the hist-
ology results of cartilage degenerative changes with the
corresponding imaging finding in dysplasia hip. In this
study, we found that BMD/BS/BV was negatively/posi-
tively associated with the content of sGAG in femoral
head cartilage of DDH rats, indicating that the two pa-
rameters might be promising predictors to reveal the
level of early cartilage degeneration in DDH. However,
the age-dependent change of BS/BV was similar to the
pattern of the decreasing SI in model group, and the
correlation between them are much stronger as evi-
denced by a much smaller p-value for BS/BV than BMD
in the multiply linear regression analysis. Collectively,
BMD and BS/BV might be potential predictors for the
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content of sGAG in dysplasia hip and the latter may
have higher consistency with the decrease of sGAG in
hip cartilage during the disease progression of DDH.
On the other hand, we also verified that femoral head

cartilage of DDH rats could be imaged by CE-μCT. The
dynamic change of CA was opposite to the alteration of
safanin-O SI, that is, higher CA paralleled to lower
sGAG content and vice versa. Thus, by calculating CA,
the content of sGAG could be measured in dysplasia hip.
As we know, CE-μCT was first introduced by Palmer and
colleagues as a novel nondestructive method to quantita-
tive assessement of cartilage composition and morphology
[10]. A series of pilot studies have already evidenced the
successfully application of this imaging technique, both
ex vivo [10,13,27-29] and in vivo [30], to reveal the stage
of degraded cartilage by quantitatively evaluating the dis-
tribution and content of sGAG in murine and rabbit
models with knee OA. Further, a similar technique by
clinical CT scan has been proved to be sensitive to assess
cartilage quality on human cadaveric knee joints in a
couple of recent pre-clinical researches [31,32]. However,
published studies on the application of CE-μCT to meas-
ure the sGAG content all focused on the knee joint in-
stead of the hip, which we think may attribute to the
superficial location of the knee joint and the well-
established protocols to induce OA-like changes in the
cartilage of the knee in animal models. It should be aware
that delayed gadolinium-enhanced MRI of cartilage
(dGEMRIC), another novel technique similarly designed
to examine sGAG changes in articular cartilage, has been
demonstrated to be capable of predicting the degree of
cartilage degeneration of the dysplasia hip in DDH pa-
tients [33-35]. However, all these clinical studies shared
the same limitations as mentioned above that they failed
to bridge the imaging findings with in situ histological
changes of the degraded cartilage. Considering that the
two imaging techniques shared similar mechanism for
quantitative analysis the sGAG content in cartilage matrix,
our study provided histological evidences to the extent of
sGAG loss in the dysplasia hip and further established the
correlation between CE-μCTand histology examination.
To the best of our knowledge, this is the first study to

apply μCT arthrography to evaluate the age-dependent
changes of bone and cartilage in dysplasia hip during the
postnatal progression of DDH, and we preliminarily bridge
the imaging parameters with histological findings in cartilage
degeneration of the dysplasia hip. It may provide another
powerful and sensitive approach for research and diagnose
of DDH. However, there were several aspects in this study,
including the relatively short observation period and the
ex vivo μCT scan owning to the difficulty in intra-articular
injection of the contrast reagent to the hip, which limited a
more comprehensive understanding of the issue discussed
here. It will be improved in our extended study in future.
Conclusions
We have found impaired ossification coupled with con-
tinues loss of sGAG in cartilage matrix of the dysplasia
hip during the disease progression of DDH. Cartilage de-
generation in the dysplasia hip occurs early at childhood,
aggregates with age and becomes irreversible at young
adult stage. All these abnormal changes could be quanti-
tatively assessed by μCT arthrography.
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Additional file 1: Figure S1. Details of the DDH (straight-leg
swaddling) model. (A) Representative images showing the methods to
establish straight-leg swaddlingmodel. (B) Representative images showing
the appearances of the rats in model and control groups at postnatal 5
days and 10 days, respectively. (C) The body length and weight of the
rats in model and control group, respectively.

Additional file 2: Figure S2. The μCT slice on the XY plane showing
the widest inferior margin of ilium was selected. Line A (red) was drawn
between the intersection point of the ilium and ischium at each side and
line B (yellow) was drawn across the outer edge of the inferior margin of
ilium and the above-mentioned intersection point. Acetabular angle (AA)
was defined as the angle formed by the two lines (blue).

Abbreviations
DDH: Developmental dysplasia of hip; OA: Osteoarthritis; THA: Total hip
arthroplasty; μCT: Micro-computed tomography; CE-μCT: Contrast-enhanced
micro-computed tomography; FHNR: Femoral head and neck region;
BMD: Bone mineral density; BV/TV: Bone volume over tissue volume; BS/
BV: Bone surface over bone volume; AA: Acetabular angle; CA: Cartilage
attenuation; SI: (safranin O) staining intensity; ANOVA: Analysis of variance;
sGAG: Sulphated glycosaminoglycan; MRI: Magnetic resonance image;
dGEMRIC: Delayed gadolinium-enhanced MRI of cartilage.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MF, JL and GH performed the majority of the experiments, analyzed data
and prepared the manuscript; ZH and BW assisted with the animal
experiments and the analysis of the μCT data; PW, ZY and WL provided
suggestions for the study and critically reviewed the manuscript; MF and ZZ
supervised the project and wrote most of the manuscript. All authors read
and approved the final manuscript.

Acknowledgements
These studies were supported by the National Natural Science Foundation of
China (81171759; 81201388) and by China Science and Technology Grant of
Guangdong (2011B031300012; 2009A03020001). We thank Prof. Huiling Yang
from the Zhongshan School of Medicine, Sun Yat-sen University for her
generous sharing of the bench for the experiments. We thank Prof. Ge
Zhang and Dr. Baosheng Guo and Dr. Yixin He from the Hong Kong Baptist
University for the generous supply of the Hexabrix 320 reagent and the
valuable instruction on the CE-μCT imaging. We also thank Dr. Guoyan Liang
from the Sun Yat-sen Memorial Hospital of Sun Yat-sen University for the
helpful guidance on the histology analysis.

Author details
1Department of Joint Surgery, First Affiliated Hospital of Sun Yat-sen
University, No. 58 Zhongshan 2nd road, Guangzhou 510080, China. 2Institute
for Advancing Translational Medicine in Bone & Joint Disease, School of
Chinese Medicine, Hong Kong Baptist University, Hong Kong, SAR, China.

Received: 11 June 2014 Accepted: 29 September 2014
Published: 8 October 2014

http://www.biomedcentral.com/content/supplementary/1471-2474-15-339-S1.pdf
http://www.biomedcentral.com/content/supplementary/1471-2474-15-339-S2.pdf


Fu et al. BMC Musculoskeletal Disorders 2014, 15:339 Page 11 of 11
http://www.biomedcentral.com/1471-2474/15/339
References
1. Kosuge D, Yamada N, Azegami S, Achan P, Ramachandran M: Management

of developmental dysplasia of the hip in young adults: current concepts.
Bone Joint J 2013, 95-B:732–737.

2. Dezateux C, Rosendahl K: Developmental dysplasia of the hip.
Lancet 2007, 369:1541–1552.

3. Sanghrajka AP, Murnaghan CF, Shekkeris A, Eastwood DM: Open reduction
for developmental dysplasia of the hip: failures of screening or failures
of treatment? Ann R Coll Surg Engl 2013, 95:113–117.

4. Rogers BA, Garbedian S, Kuchinad RA, Backstein D, Safir O, Gross AE: Total
hip arthroplasty for adult hip dysplasia. J Bone Joint Surg Am 2012,
94:1809–1821.

5. Zhu J, Chen X, Cui Y, Shen C, Cai G: Mid-term results of Bernese
periacetabular osteotomy for developmental dysplasia of hip in middle
aged patients. Int Orthop 2013, 37:589–594.

6. Weinstein S, Mubarak S, Wenger D: Developmental hip dysplasia and
dislocation: Part I. Instr Course Lect 2004, 53:523.

7. Buckwalter JA, Mankin HJ: Articular cartilage: degeneration and
osteoarthritis, repair, regeneration, and transplantation. Instr Course Lect
1998, 47:487–504.

8. Reynolds DG, Shaikh S, Papuga MO, Lerner AL, O'Keefe RJ, Schwarz EM,
Awad HA: muCT-based measurement of cortical bone graft-to-host
union. J Bone Miner Res 2009, 24:899–907.

9. Li C, Ominsky MS, Tan HL, Barrero M, Niu QT, Asuncion FJ, Lee E, Liu M,
Simonet WS, Paszty C, Ke HZ: Increased callus mass and enhanced
strength during fracture healing in mice lacking the sclerostin gene.
Bone 2011, 49:1178–1185.

10. Palmer AW, Guldberg RE, Levenston ME: Analysis of cartilage matrix fixed
charge density and three-dimensional morphology via contrast-
enhanced microcomputed tomography. Proc Natl Acad Sci U S A 2006,
103:19255–19260.

11. Wang E, Liu T, Li J, Edmonds EW, Zhao Q, Zhang L, Zhao X, Wang K: Does
swaddling influence developmental dysplasia of the hip?: An
experimental study of the traditional straight-leg swaddling model in
neonatal rats. J Bone Joint Surg Am 2012, 94:1071–1077.

12. Bo N, Peng W, Xinghong P, Ma R: Early cartilage degeneration in a rat
experimental model of developmental dysplasia of the hip.
Connect Tissue Res 2012, 53:513–520.

13. Xie L, Lin AS, Levenston ME, Guldberg RE: Quantitative assessment of
articular cartilage morphology via EPIC-microCT. Osteoarthr Cartil 2009,
17:313–320.

14. Obermayer-Pietsch BM, Walter D, Kotschan S, Freigassner-Pritz M, Windhager R,
Leb G: Congenital hip dysplasia and bone mineral density of the hip–a new
risk factor for osteoporotic fracture? J Bone Miner Res 2000, 15:1678–1682.

15. Okano K, Ito M, Aoyagi K, Motokawa S, Shindo H: Bone mineral densities in
patients with developmental dysplasia of the hip. Osteoporos Int 2011,
22:201–205.

16. Batiste DL, Kirkley A, Laverty S, Thain LM, Spouge AR, Holdsworth DW: Ex
vivo characterization of articular cartilage and bone lesions in a rabbit
ACL transection model of osteoarthritis using MRI and micro-CT.
Osteoarthr Cartil 2004, 12:986–996.

17. Messner K, Fahlgren A, Ross I, Andersson B: Simultaneous changes in bone
mineral density and articular cartilage in a rabbit meniscectomy model
of knee osteoarthrosis. Osteoarthr Cartil 2000, 8:197–206.

18. Bonnick SL: HSA: beyond BMD with DXA. Bone 2007, 41:S9–S12.
19. Weiss HE, Roberts SJ, Schrooten J, Luyten FP: A semi-autonomous model

of endochondral ossification for developmental tissue engineering.
Tissue Eng Part A 2012, 18:1334–1343.

20. Ciombor DM, Lester G, Aaron RK, Neame P, Caterson B: Low frequency
EMF regulates chondrocyte differentiation and expression of matrix
proteins. J Orthop Res 2002, 20:40–50.

21. Sondergaard BC, Henriksen K, Wulf H, Oestergaard S, Schurigt U, Brauer R,
Danielsen I, Christiansen C, Qvist P, Karsdal MA: Relative contribution of
matrix metalloprotease and cysteine protease activities to cytokine-
stimulated articular cartilage degradation. Osteoarthritis Cartilage 2006,
14:738–748.

22. Karsdal MA, Madsen SH, Christiansen C, Henriksen K, Fosang AJ,
Sondergaard BC: Cartilage degradation is fully reversible in the presence
of aggrecanase but not matrix metalloproteinase activity. Arthritis Res
Ther 2008, 10:R63.
23. Stoop R, van der Kraan PM, Buma P, Hollander AP, Poole AR, van den Berg
WB: Denaturation of type II collagen in articular cartilage in experimental
murine arthritis. Evidence for collagen degradation in both reversible
and irreversible cartilage damage. J Pathol 1999, 188:329–337.

24. Terjesen T, Gunderson RB: Reliability of radiographic parameters in adults
with hip dysplasia. Skeletal Radiol 2012, 41:811–816.

25. Wakabayashi K, Wada I, Horiuchi O, Mizutani J, Tsuchiya D, Otsuka T: MRI
findings in residual hip dysplasia. J Pediatr Orthop 2011, 31:381–387.

26. Fujii M, Nakashima Y, Sato T, Akiyama M, Iwamoto Y: Acetabular tilt
correlates with acetabular version and coverage in hip dysplasia.
Clin Orthop Relat Res 2012, 470:2827–2835.

27. Xie L, Lin AS, Guldberg RE, Levenston ME: Nondestructive assessment of
sGAG content and distribution in normal and degraded rat articular
cartilage via EPIC-microCT. Osteoarthr Cartil 2010, 18:65–72.

28. Siebelt M, Waarsing JH, Kops N, Piscaer TM, Verhaar JA, Oei EH, Weinans H:
Quantifying osteoarthritic cartilage changes accurately using in vivo
microCT arthrography in three etiologically distinct rat models. J Orthop
Res 2011, 29:1788–1794.

29. Piscaer TM, van Osch GJ, Verhaar JA, Weinans H: Imaging of experimental
osteoarthritis in small animal models. Biorheology 2008, 45:355–364.

30. Piscaer TM, Waarsing JH, Kops N, Pavljasevic P, Verhaar JA, van Osch GJ,
Weinans H: In vivo imaging of cartilage degeneration using microCT-
arthrography. Osteoarthritis Cartilage 2008, 16:1011–1017.

31. van Tiel J, Siebelt M, Waarsing JH, Piscaer TM, van Straten M, Booij R,
Dijkshoorn ML, Kleinrensink GJ, Verhaar JA, Krestin GP, Weinans H, Oei EH:
CT arthrography of the human knee to measure cartilage quality with
low radiation dose. Osteoarthritis Cartilage 2012, 20:678–685.

32. Siebelt M, van Tiel J, Waarsing JH, Piscaer TM, van Straten M, Booij R,
Dijkshoorn ML, Kleinrensink GJ, Verhaar JA, Krestin GP, Weinans H, Oei EH:
Clinically applied CT arthrography to measure the sulphated
glycosaminoglycan content of cartilage. Osteoarthritis Cartilage 2011,
19:1183–1189.

33. Kim YJ, Jaramillo D, Millis MB, Gray ML, Burstein D: Assessment of early
osteoarthritis in hip dysplasia with delayed gadolinium-enhanced
magnetic resonance imaging of cartilage. J Bone Joint Surg Am 2003,
85-A:1987–1992.

34. Jessel RH, Zurakowski D, Zilkens C, Burstein D, Gray ML, Kim YJ:
Radiographic and patient factors associated with pre-radiographic
osteoarthritis in hip dysplasia. J Bone Joint Surg Am 2009, 91:1120–1129.

35. Cunningham T, Jessel R, Zurakowski D, Millis MB, Kim YJ: Delayed
gadolinium-enhanced magnetic resonance imaging of cartilage to
predict early failure of Bernese periacetabular osteotomy for hip
dysplasia. J Bone Joint Surg Am 2006, 88:1540–1548.

doi:10.1186/1471-2474-15-339
Cite this article as: Fu et al.: Impaired ossification coupled with
accelerated cartilage degeneration in developmental dysplasia of the hip:
evidences from μCT arthrography in a rat model. BMC Musculoskeletal
Disorders 2014 15:339.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals and DDH model
	Sample management and macroscopic observation
	μCT scan and analysis
	Assessment of acetabular angle
	CE-μCT scan and analysis
	Histological analysis
	Statistical analysis

	Result
	Rats in model group showed morphological deformity of the dysplasia hips
	Advanced but impaired ossification of the femoral head and neck region was found in the dysplasia hips
	Impaired development and accelerated degeneration of the joint cartilage was found in the dysplasia hips
	μCT arthrography could predict the extent of sGAG loss in joint cartilage of the dysplasia hips

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

