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The purpose of this study was to investigate the development of the osseous acetabular 
index (OAI) and cartilaginous acetabular index (CAI) using MRI. The OAI and CAI were 
measured on the coronal MR images of the hip in 81 children with developmental dysplasia 
of the hip (DDH), with a mean age of 19.6 months (3 to 70), and 241 normal control children 
with a mean age of 5.1 years (1 month to 12.5 years). Additionally the developmental 
patterns of the OAI and CAI in normal children were determined by age-based cross-
sectional analysis.

Unlike the OAI, the normal CAI decreased rapidly from a mean of 10.17° (SD 1.60) to a 
mean of 8.25° (SD 1.90) within the first two years of life, and then remained constant at a 
mean of 8.04° (SD 1.65) until adolescence. Although no difference in OAI was found between 
the uninvolved hips in children with unilateral DDH and normal hips (p = 0.639), the CAI was 
significantly different between them both (p < 0.001). The normal CAI has fully formed at 
birth, and is maintained constantly throughout childhood. The CAI in the unaffected hips in 
children with unilateral DDH is also mildly dysplastic.

Developmental dysplasia of the hip (DDH) is
common and presents as a spectrum, ranging
from isolated acetabular dysplasia to sublux-
ation or dislocation.1 Early diagnosis and
treatment can restore a normal relationship of
acetabulum and femoral head.2 Acetabular
dysplasia is one of the major pathological
deformities in various subtypes of DDH. The
acetabular index (AI)3,4 and the centre-edge
(CE) angle5 have been used to assess acetabu-
lar dysplasia and its correction after surgery.
The AI is helpful for assessing dysplasia in
children aged < eight years, but after this age
becomes less useful as Hilgenreiner’s line6,7 is
difficult to measure after ossification of the
tri-radiate cartilage.8 The CE angle is useful
only in children aged > five years, as the cen-
tre of the femoral head is difficult to define in
a younger child because of an eccentrically
placed ossific nucleus, especially in those
with DDH.8

Traditionally, the AI is measured on the
anteroposterior (AP) pelvic radiograph. How-
ever, it provides an imperfect assessment of
acetabular development because the cartilag-
inous development of the acetabulum is not
accurately presented. The cartilaginous com-
ponent of the superior acetabular floor

probably plays a major role in stabilising the
reduced femoral head and predicting the true
potential for acetabular growth, and thus the
cartilaginous acetabular index (CAI) has been
used more frequently to evaluate the cartilagi-
nous cover of the femoral head in current stud-
ies.9-12 Although Fisher, O’Brien and Davis13

suggested that the CAI could be accurately
reflected by the osseous acetabular index
(OAI), most authors believe that the bony
development of the acetabulum does not
always represent the cartilaginous develop-
ment, and the cartilaginous anatomy of the
acetabulum should be evaluated accurately,
directly and separately.10,14,15

Ultrasound has provided information about
the cartilaginous acetabulum in the younger
population,16 but is often difficult to interpret
when imaging all the soft-tissue components of
a child’s hip.14 Arthrography of the hip can
also be used to measure cartilaginous cover,
but is invasive and impractical for frequent
investigation.10 In contrast, magnetic reso-
nance (MR) non-invasively differentiates the
osseous margin from the cartilaginous acetab-
ulum in the immature hip, and has been used
to assess the osseous and cartilaginous acetab-
ular anatomy.9,14,17
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The morphology of the osseous and cartilaginous acetab-
ulum in children with DDH has been observed qualitatively
using MRI,18-21 but few studies focus on the quantitative
measurement of the CAI in dysplastic hips.13,22 Moreover,
unlike the radiologically based AI, the normal development
of the CAI has not been established. This information is
clearly required in order to understand the development of
the acetabulum in normal hips and in children with DDH,
and thus to make appropriate decisions when treating this
condition surgically.

The aims of this cross-sectional MR study were to iden-
tify: 1) how the OAI and CAI develop and evolve in normal
children before adolescence; 2) whether the OAI and CAI in
children with DDH are associated with the age of the child
and the severity of the dislocation according to Tönnis
grade23; and 3) whether the development of OAI and CAI
in the uninvolved hip in children with unilateral DDH are
consistent with that in normal children. In addition, the
OAI measured by MR was compared with the radio-
logically based AI in children with DDH.

Patients and Methods
Between January 2006 and November 2010, 85 children
with isolated DDH were treated at Shengjing Hospital,
Shenyang, China. All were evaluated using MRI and radio-
graphs before treatment by closed or open reduction.
Details from the medical records, radiographs and MR
images were collected. Four were excluded because of poor
quality MR scans, leaving a total of 81 children (16 boys
and 65 girls) in the study with a mean age of 19.6 months
(3 to 70). Of these, 42 had bilateral DDH, giving a total of
123 affected hips. Of the 39 children with unilateral
involvement, 19 were in the left and 20 in the right hip.
According to the classification system of Tönnis,23 based on
the level of dislocation of the femoral head on AP pelvic

radiographs, 17 hips were grade I, 59 grade II, 30 grade III
and 17 grade IV. Dysplasia was diagnosed radiologically if
there was increased obliquity and loss of concavity of the
acetabulum with an AI of > 30°, when Shenton’s line was
intact according to Ishida’s classification system.24 Addi-
tionally Perkin’s line7 would be lateral to the medial quarter
of the proximal metaphysis for the diagnosis to be made.

From January 2006 to December 2010, 241 children
required examination by MRI in the authors’ institution
because of non-neuromuscular and non-skeletal disease.
There were 142 boys and 99 girls with a mean age of
5.1 years (1 month to 12.5 years). In order to record the
normal development of the acetabulum, an additional pro-
tocol was established. All of the 482 hips (from the
241 children) were clinically normal, and the children had
no systemic or genetic disorders. A total of 203 children
had confirmed Graf type I25 hips from the neonatal screen-
ing programme, and the remaining 38 who had not under-
gone ultrasound screening had been ruled out from having
DDH on the AP pelvic radiograph. The controls included
children with benign abdominal or pelvic tumours in
118 cases, cutaneous and subcutaneous lymphangioma or
haemangioma in 94 cases, mediastinal benign neoplasms in
29 cases. Informed consent was obtained from the parents
of the 241 children before performing an additional MRI.
The study was approved by the Medical Ethics Committee
of Shengjing Hospital.

All the hips in children with DDH and normal controls
were examined with standardised MR scans. The MR scans
were performed using a 1.5T Philips Medical System
(Philips Achieva, Best, The Netherlands). The children were
positioned supine inside the scanner with both legs in a
symmetrical neutral position, using a body array coil placed
anterior and posterior to the hips. Children aged
< four years were sedated before MR examination. T1- and
T2-weighted images were obtained in the axial and coronal
planes using 3 mm slice thickness and 0 mm interslice gap.
The parameters setting included TR 4500 ms, TE 120 ms in
T2-weighted fast spin-echo; TR 450 mms, TE 12 ms in T1-
weighted spin-echo; matrix 512×512.

The measurements of radiological AI, MR-based OAI
and CAI were completed by Picture Archiving and Commu-
nication Systems (PACS; Neusoft, Shenyang, China). The
AI was measured using AP pelvic radiographs as described
by Tönnis.26 Coronal T1-weighted images through the cen-
tre of the tri-radiate cartilage were selected to measure the
OAI and CAI (Fig. 1). The OAI was determined from Hil-
genreiner’s line6 and a line drawn from the most supero-
lateral margin of the ossified acetabulum to the
superolateral margin of the triradiate. The Hilgenreiner’s
line is a horizontal line connecting the inferior margins of
the left and right bony ilium at the tri-radiate cartilage. The
CAI was the angle formed by Hilgenreiner’s line and a line
drawn from the lateral margin of the cartilaginous acetab-
ulum at the attachment of the labrum to the superolateral
margin of the tri-radiate cartilage (Fig. 1).

Fig. 1

T1-weighted coronal MR image showing the measurement of the osse-
ous (OAI) and cartilaginous acetabular index (CAI). The OAI was deter-
mined by Hilgenreiner’s line (line h) and line ‘a’ drawn from the most
superolateral margin of the ossified acetabulum to the superolateral
margin of the tri-radiate cartilage. The CAI was formed by the line ‘h’ and
line ‘b’ drawn from the lateral margin of the cartilaginous acetabulum at
the attachment of the labrum (white arrow) to the superolateral margin
of the tri-radiate cartilage.
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In order to evaluate the interobserver variation of the
MR-based measurements, the OAI and CAI were repeat-
edly measured three times by the first three authors inde-
pendently (LLY, ZLJ and LQW). In order to determine the
intra-observer variation, the measurements were repeated
two weeks later by the first author (LLY).
Statistical analysis. Statistical analysis was performed using
SPSS v11.5 software (SPSS Inc., Chicago, Illinois). The
paired samples t-test and Pearson correlation analysis were
used to evaluate the relationship between the AI and
the OAI, and the independent Student’s t-test was used to
compare the difference in OAI and CAI between normal
hips and the uninvolved hips in unilateral DDH. Differ-
ences in the OAI and CAI with age and Tönnis classification
were assessed with a one-way analysis of variance (ANOVA).
A p-value < 0.05 was considered statistically significant.

Intra-observer agreement between the two sets of meas-
urements of an observer (LLY) and interobserver agreements
between the three sets of measurements of the observers
(LLY, ZLJ and LQW) were analysed using Pearson correla-
tion coefficient and the intra-class correlation coefficient
(ICC). An ICC > 0.75 was regarded as excellent, ICC 0.40 to
0.75 was fair to good, and ICC < 0.40 was poor.

Results
The intra- and interobserver agreements with 95% confi-
dence intervals (CI) were assessed by measuring the OAI
and CAI repeatedly on the 644 hips, comprising 162 hips in
children with DDH (123 affected hips and 39 unaffected

hips) and 482 hips in children without DDH (Table I). For
all the measurements, the ICCs were > 0.875, indicating
excellent agreement.

The mean OAIs and CAIs according to the age in the
482 normal hips are summarised in Table II, and the p-val-
ues of multiple comparisons in OAI and CAI with age are
indicated in Table III. The normal OAI was mean of
26.75° (SD 2.57) at the age of one year, and progressively
decreased during the first four years, reaching a mean of
18.22° (SD 2.26) at the age of four years. After this, it
remained unchanged with age until the age of eight.
Before adolescence (from eight to ten years), it decreased
slightly by approximately 2° to 3°. It then remained con-
stant until adolescence (assumed at 12 years of age)
(Fig. 2). Interestingly, the normal CAI had a significantly
different pattern of development from the OAI. Within
the first two years of life, the CAI decreased rapidly from
a mean of 10.17° (SD 1.60) to a mean of 8.25° (SD 1.90),
and then stayed at a constant mean level of 8.04° (SD 1.65)
until adolescence (Fig. 2).

In the hips with DDH, there was a statistically significant
correlation between the AI measured on plain radiographs
and OAI measured on MR scans (r = 0.919, p < 0.001), but
no significant difference (p = 0.056, paired samples t-test).
When matching the age of the children with unilateral
DDH and normal controls, the uninvolved hips in uni-
lateral DDH were similar to the normal control hips for
the measurements of OAI (p = 0.639, independent Stu-
dent’s t-test), but they were significantly different for the

Table I. Assessment of intra- and interobserver agreement of osseous acetabular index and
cartilaginous acetabular index (ICC, intraclass correlation coefficient; CI, confidence interval)

Osseous acetabular index Cartilaginous acetabular index

Observers ICC (95% CI) p-value ICC (95% CI) p-value

LYL–LYL 0.9965 (0.9957 to 0.9971) < 0.001 0.9769 (0.9720 to 0.9810) < 0.001

LYL–LJZ 0.8809 (0.8569 to 0.9011) < 0.001 0.8861 (0.8631 to 0.9055) < 0.001
LYL–QWL 0.9892 (0.9868 to 0.9911) < 0.001 0.8749 (0.8498 to 0.8961) < 0.001
LJZ–QWL 0.8933 (0.8716 to 0.9115) < 0.001 0.9067 (0.8876 to 0.9227) < 0.001

Table II. Values of osseous (OAI) and cartilaginous acetabular index (CAI) corresponding
to age in normal children (CI, confidence interval)

OAI (°) CAI (°)

Age (yrs) Hips (n) Mean (SD) 95% CI Mean (SD) 95% CI

1 84 26.75 (2.57) 26.20 to 27.31 10.17 (1.60) 9.82 to 10.51
2 40 22.24 (2.50) 21.45 to 23.05  8.25 (1.90) 7.65 to 8.86
3 44 19.89 (2.07) 19.26 to 20.52  8.17 (1.48) 7.72 to 8.62
4 46 18.22 (2.26) 17.54 to 18.89  7.91 (1.83) 7.36 to 8.45
5 34 18.51 (1.32) 18.05 to 18.97  8.40 (1.44) 7.90 to 8.90
6 54 17.91 (2.23) 17.30 to 18.52  8.19 (1.74) 7.71 to 8.67
7 32 18.25 (1.97) 17.54 to 18.96  8.05 (1.44) 7.53 to 8.57
8 48 17.64 (2.09) 17.03 to 18.25  8.15 (1.69) 7.66 to 8.64
9 30 16.40 (1.89) 15.69 to 17.10  7.87 (1.34) 7.37 to 8.37
10 30 15.19 (1.75) 14.54 to 15.84  7.52 (1.63) 6.92 to 8.13
11 24 15.56 (2.09) 14.68 to 16.45  8.37 (2.18) 7.45 to 9.29
12 16 14.98 (2.64) 13.57 to 16.38  7.57 (1.44) 6.80 to 8.34
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measurements of CAI (mean 12.01° (SD 3.54) and mean
9.19° (SD 1.91), respectively; p < 0.001, independent
Student’s t-test), indicating that the cartilaginous compo-
nent of the acetabulum in uninvolved hips seemed to be
also dysplastic. Based on the level of dislocation, a notable
difference was found between the Tönnis grade in the OAI

and CAI (Table IV). Nevertheless, regardless of the grades,
the OAI and CAI did not show a notable correlation with
age (all p ≥ 0.052), respectively). When the age of the chil-
dren with DDH was matched with the normal controls,
both the OAI and CAI in those with DDH were signifi-
cantly larger (p < 0.001, independent Student’s t-test). 

Table III. Multiple comparisons of osseous and cartilaginous acetabular index over age in normal children. The data in the table represent the
p-values calculated by analysis of variance test. The values in the bottom left semi-part of the table are the multiple comparisons of osseous
acetabular index (OAI) by age, and the right upper semi-part are the multiple comparisons of cartilaginous acetabular index (CAI) by age

CAI by age (yrs)

OAI by age (yrs) 1 2 3 4 5 6 7 8 9 10 11 12

1 - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.000 - 0.813 0.333 0.704 0.853 0.606 0.771 0.342 0.069 0.785 0.164
3 0.000 0.000 - 0.455 0.539 0.948 0.762 0.960 0.453 0.102 0.630 0.218
4 0.000 0.000 0.000 - 0.188 0.395 0.706 0.477 0.931 0.326 0.267 0.485
5 0.000 0.000 0.006 0.550 - 0.561 0.392 0.501 0.204 0.035 0.946 0.099
6 0.000 0.000 0.000 0.489 0.211 - 0.708 0.905 0.402 0.078 0.657 0.190
7 0.000 0.000 0.001 0.946 0.627 0.489 - 0.793 0.673 0.212 0.475 0.344
8 0.000 0.000 0.000 0.201 0.075 0.529 0.221 - 0.473 0.105 0.595 0.226
9 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.015 - 0.415 0.274 0.556
10 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.033 - 0.063 0.928
11 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.165 0.536 - 0.135
12 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.750 0.406 -
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Fig. 2a

Graphs of the values for osseous (OAI) and cartilaginous acetabular index (CAI) versus age, in a) a scatter graph of all measurements in normal hips,
with trend lines, and b) a graph showing mean values, with the error bars showing the standard error of the mean.

Fig. 2b

Table IV. The mean (SD) with 95% confidence intervals (CI) of osseous (OAI) and cartilaginous
acetabular index (CAI) in children with developmental dysplasia of the hip according to Tönnis
classification

OAI (°)* CAI (°)†

Tönnis grade Hips (n) Mean (SD) 95% CI Mean (SD) 95% CI

Grade I 17 31.48 (4.30) 29.27 to 33.69 16.62 (5.44) 13.82 to 19.41
Grade II 59 34.48 (5.38) 33.08 to 35.88 22.20 (4.85) 20.93 to 23.46
Grade III 30 35.14 (4.72) 33.38 to 36.90 22.26 (5.84) 20.08 to 24.44
Grade IV 17 32.45 (2.60) 31.12 to 33.79 16.27 (3.97) 14.23 to 18.31

* comparison of OAI by Tönnis classification: grade I vs II, p = 0.012; grade II vs III, p = 0.496; grade I 
vs IV, p = 0.511
† comparison of CAI by Tönnis classification: grade I vs II, p < 0.001; grade II vs III, p = 0.921; grade I 
vs IV, p = 0.718
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Discussion
Although expensive, and despite the possibility of requiring
additional sedatives, the advantages of MR imaging are
considerable in assessing the developing hip, such as avoid-
ing radiation, allowing imaging in several planes and pro-
viding high resolution and contrast at the interfaces
between the bony and cartilaginous components. The avail-
ability and accuracy of MR scans in demonstrating the
details of the immature hip have been described and con-
firmed by comparison with the anatomical preparations in
cadavers previously.27 However, no studies have focused on
the reliability of MR imaging in measuring the OAI and
CAI during development. In this study, the repeatability
was good with excellent agreement between the observers
through a large number of measurements.

It is well known that the postnatal development of the
acetabulum is by endochondral ossification. The normal
growth curves of the acetabular angle on radiographs have
been reported by Tönnis.26 We confirmed the normal ossi-
fying process that he described. The rapidly ossified stage is
completed in the first four years of the life, confirming the
current view that surgical intervention should be performed
if the acetabular dysplasia does not spontaneously correct
by four years of age.28,29 Between the ages of four and eight,
the OAI stays at a constant level, indicating that the devel-
opment of the bony acetabulum in the coronal plane con-
centrates on an increase in size, but not in angle. The
second developmental stage of the OAI is during pre-
adolescence (eight to ten years of age); the change was
minor, with a decrease of only 2° to 3°. This development
could be attributed to the appearance of the ossification
centre on the lateral portion of the acetabulum, starting at
about nine years of age and fusing to the ilium at approxi-
mately 15 years of age.30,31

The CAI has a different pattern of development and
remains at a constant mean value of 8.04° (SD 1.65)
throughout childhood, except for a small decrease of
approximately 2° within the first two years of life, showing
that the cartilaginous acetabulum has fully formed at birth
when it is extended as far over the femoral head as is the
bony acetabulum in the adult (Fig. 3). This finding is sup-
ported by Laurenson32 who observed the development of
the acetabular roof in fetal hips, and by Johnson et al33 who
investigated anatomy of the infant hip on MRI. Neverthe-
less, the postnatal pattern of growth of the cartilaginous
acetabular roof has not been reported previously. This age-
based cross-sectional data, with detailed mean and standard
deviation from the age of one to 12 years, provides the nor-
mal standards for the development of cartilaginous acetab-
ular structures in children. After infancy, a hip with a CAI of
12° (> 2 SDs from the mean) should be diagnosed as carti-
laginous acetabular dysplasia. Meanwhile, the normal value
of CAI gives us a new understanding of the cartilaginous
acetabular development. In view of these findings, the term
of ‘acetabular dysplasia’ should be reconsidered. If the ace-
tabular dysplasia was determined radiologically, but with a
normal CAI or sufficient cartilaginous acetabular cover, this
should be regarded as delayed endochondral ossification.
Conversely, cartilaginous acetabular dysplasia with an
increased CAI could be true ‘dysplasia’ (Fig. 4). It is essen-
tial to identify these conditions in order to decide whether a
second procedure should be performed to correct the dys-
plasia, particularly as isolated delay of endochondral ossifi-
cation in the acetabulum following the concentric reduction
in DDH can correct spontaneously.14

Despite the significant relationship between the values of
radiologically- based AI and the need for acetabuloplasty,
some hips with high values developed satisfactorily and
others with low values required later pelvic osteotomy.
Zamzam et al10 recognised that the importance of radio-
logical AI was to monitor but not predict acetabular devel-
opment after closed reduction. In contrast they observed
that almost all hips with a CAI of < 20° developed satisfac-
torily and all hips with a CAI > 24° needed acetabuloplasty.
The CAI is an early and reliable predictor of acetabular
development and can be used to ensure optimal timing for
acetabuloplasty and avoid unnecessary surgery in those
hips likely to develop satisfactorily if given enough time.

However, despite defining the normal values of the CAI,
we have not determined when and to what extent cartilag-
inous acetabular dysplasia needs to be corrected surgically
as whether it also has the potential for spontaneous
improvement remains uncertain.

For the hips with developmental dysplasia, the measure-
ments of AI on plain radiographs were significantly corre-
lated with the OAI measured on MR scans, indicating that
the AI represents the development of osseous acetabular
margins, although the correlation between the two was not
found in the study by Duffy et al.22 Regarding the unin-
volved hips in unilateral DDH, the CAI was significantly

Fig. 3

Coronal T1-weighted MR image in a 6.5-month-old girl with normal hip
development. The osseous acetabular index was 27.37° on the left hip
and 24.57° on the right hip. The cartilaginous acetabular index was
10.17° on the left hip and 9.81° on the right, showing the cartilaginous
acetabulum has fully formed, and extended to a sufficient coverage over
the femoral head.
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increased compared with the normal when age matched,
with a mean difference of approximately 3°. This suggests
that the uninvolved hips in unilateral DDH are also dys-
plastic and are not suitable to be used as controls. When
compared with the normal hips, as expected, both the OAIs
and the CAIs in DDH were increased, which confirms that
the delay in ossification and cartilaginous dysplasia in the
acetabulum in children with DDH occurs simultaneously.
The correlation between the OAI and CAI has been previ-
ously discussed. Fisher et al13 suggested that the bony AI
determined by MR imaging could accurately reflect the
cartilaginous AI, and a bony AI of 30° corresponded to a

cartilaginous AI of 10°. This is further supported by meas-
urements made on seven children by Pirpiris et al.34 In our
opinion, the pathological morphology in the dysplastic ace-
tabulum is complicated and individualised, especially for
the cartilaginous components, and thus it may be cursory
that the CAI should simply be represented by the OAI. In
this study, the extent of acetabular dysplasia in Tönnis
grade II and III hips was more severe than that in grade I
and IV hips (Table IV), with a difference of 6° in CAI. This
can be a result of the increased pressure on the rim of the
acetabulum by the laterally positioned femoral head.31

Although we could not find a correlation between the OAI
or CAI and the age of the child in various Tönnis grades,
probably because of the small sample size and young age in
the subgroup, we still believe that the destructive effect
from the abnormal biomechanics to the cartilaginous part
of the acetabulum can be increased with an extended period
of dislocation.35 The cartilaginous anlage is a better repre-
sentative of the final state of the acetabulum than the bony
model.10,22 Therefore, we propose that for children with
severe bony dysplasia, the cartilaginous component of the
acetabulum should be evaluated by MR imaging, especially
when trying to identify the developmental potential of the
acetabulum and to plan an acetabuloplasty.

In summary, according to MRI measurements, the carti-
laginous part of the acetabulum has a different growth pat-
tern from the osseous part. The CAI has fully formed at
birth, nearly extending as far as the bony acetabulum in the
adult, and remains constant throughout childhood. How-
ever, the OAI reduces rapidly within the first four years of
the life, and then remains unchanged until eight years of
age, with a difference of approximately 10° from the CAI.
Before adolescence, the OAI exhibits a small decrease
again, because of the appearance of the ossification centre
at the lateral portion of the acetabulum. The cartilaginous
acetabular component of the unaffected hips in children
with unilateral DDH is also dysplastic, compared with the
normal hips and these hips should not be used as a control.
The OAI and CAI in DDH are significantly different in dif-
ferent Tönnis grades. Although the plain radiograph
remains a common and simple examination for the diagno-
sis and follow-up of children with DDH, MRI is necessary
when the cartilaginous components of the acetabulum
require assessment.

No benefits in any form have been received or will be received from a commer-
cial party related directly or indirectly to the subject of this article.
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