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Background: For infants up to 6 months, ultrasound (US) screening of developmental dysplasia of the hip
(DDH) is recommended. This cross-sectional study investigated the developmental data of femoral head size
and femoral head ossification in mature infant hips and the impact of mild and severe DDH on femoral head
development based on US images.

Methods: We reviewed all hip US studies performed from January 2018 to December 2019 to evaluate
DDH in infants younger than 6 months at West China Hospital, Sichuan University. The femoral head
diameter (FHD) and femoral head ossification center type of each hip were recorded. A total of 1,037 normal
participants with 2,074 mature hips and 367 DDH participants with 456 dysplastic hips were included in this
Study.

Results: For normal mature hips (Graf I), the FHHD of mature male hips was significantly larger than that
of female hips from the age of 2 months to 6 months (all P values <0.01), and the femoral head ossification
center of males occurred significantly later than that of females at the same age from 3 months to 6 months
(all P values <0.05). Compared with the matched mature hips, the FHDs of Graf Ila (-), IIb, Ilc, and D, III
or IV hips were significantly smaller (1.64 vs. 1.72 cm, 1.75 vs. 1.79 cm, 1.65 vs. 1.73 cm, 1.51 vs. 1.71 cm,
respectively; all P values <0.05), and the occurrence of the femoral head ossification center was delayed in
Graf ITa (-) and D, IIT or IV hips (both P values <0.05). However, no significant developmental retardation
of the femoral head was observed in Graf Ila (+) hips.

Conclusions: We identified a relatively normal range for the development of infants’ hips from 1 month
old to 6 months old and found significant developmental retardation of the femoral head in Graf ITa (=), IIb,
IIc, and D, III or IV hips. This is a preliminary study of the developmental impact of DDH on the femoral

head, and we will continue the follow-up study after treatment.
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Introduction

Developmental dysplasia of the hip (DDH) is a common
developmental disorder in infants, with an incidence of
1.5 to 20 per 1,000 births (1,2). DDH refers to a broad
spectrum of abnormalities affecting the hip joint, ranging
from dysplasia to subluxation to dislocation. Unrecognized
and untreated DDH can lead to premature osteoarthritis
and is responsible for up to 15-20% of hip replacements in
adults under the age of 50 years (3).

For infants up to 6 months, ultrasound (US) screening of
DDH using the Graf method is recommended by Chinese,
European, and American imaging guidelines (4-6). There
is no doubt that dislocation or decentered hips (Graf D, III
or IV) should be treated immediately once diagnosed (7,8).
However, it is controversial how and when to treat well-
centered stable infant hips with acetabular dysplasia (Graf
II) (9-11). From 6 weeks of age, if the US examination does
not show that the hip has improved to Graf Ila (+) or Graf
I, Graf II hips should be treated according to international
DDH guidelines (5).

Regarding the influence of DDH on the development of
the femoral head, Wanner et 4/. (12) found that the femoral
head diameter (FHD) in the severe DDH (Graf D, III, or
IV) group was significantly smaller than that in the normal
hip group. The severe DDH femoral head growth rate was
significantly slower than the normal femoral head growth
rate. The ossification center of the femoral head typically
appears between 4 months and 6 months of age, which is
often delayed in DDH-affected hips (13). However, there
have been few reports of the impact of mild DDH (Graf II)
on the development of the femoral head and ossification.

According to our experience, we speculated that both
mild and severe DDH would affect the development of
the femoral head and the occurrence of femoral head
ossification in infants, which requires appropriate treatiment.
Thus, we conducted this retrospective study to investigate
the developmental data of femoral head and femoral head
ossification in mature hips and the impact of mild and
severe DDH on femoral head development. We present the
following article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-513/rc).
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Methods
Participant selection

This retrospective study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013) and
approved by the institutional review board of West China
Hospital, Sichuan University (No. 2022-1372). As it was a
retrospective study, the requirement for informed consent
was waived. We reviewed all hip US studies performed from
January 2018 to December 2019 to evaluate DDH in infants
younger than 6 months in West China Hospital, Sichuan
University. Participants were included in the study if they
(I) had positive physical examinations, including unequal
length of legs, asymmetric hip and leg creases, abnormal hip
bounce, and limited hip abduction; (II) were people with a
potentially high risk, such as a breech delivery and DDH
family history; and (III) had a routine physical examination
in 4- to 6-week-old infants. Participants were excluded
if they had a pathological hip dislocation, hip trauma,
congenital multiple joint contractures with hip dislocation,
or involvement of the hip due to familial genetic disease.

The sample size of this study was determined to be at
least 1,400 according to our previous pilot sampling and the
following sample size formula of the cross-sectional study:

z, sD?

N = Zd . (1]
(where N = sample size, Z,_,,, = confidence interval, SD =
standard deviation, d = desired precision).

Initially, 1,450 infants were identified in our US
databases, and 46 infants were excluded because of the
exclusion criteria. The standard longitudinal and transverse
section US images of the hip were collected for Graf
type classification and femoral head ossification analysis,
respectively. Finally, a total of 1,037 normal participants
with 2,074 mature hips and 367 DDH participants with 456
dysplastic hips were included in this study (Figure I).

Hip US examination

The Philips iU22 US system (Philips Healthcare,
Bothell, WA, USA) with an L.12-5 linear array transducer
(5-12 MHz) was used. The participants were placed
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1,450 infants younger than 6 months
undergoing hip US examination from
January 2018 to December 2019

46 infants were excluded:
20: hip trauma

Y

22: pathological hip dislocation
4: familial genetic diseases

1,404 infants included

v

analysis

The standard section US image
collection, interpretation, and statistical

v

v

Normal participants with Graf |
hips (n=1,037)

DDH participants with Graf -1V
hips (n=367)

Figure 1 Flow diagram of the study design. DDH, developmental dysplasia of the hip; US, ultrasound.

Figure 2 A hip ultrasound examination of a 2-month-old girl
with Graf type I hip. The a and p angles are 63.1° and 61.0°,
respectively. The diameter of the femoral head diameter circle
is the femoral head diameter, which is 1.46 cm, recorded as D. d
refers the distance of the line tangent to the medial femoral head

to the osseous acetabular roof.

into a lateral position, with the hip joint slightly flexed.
The transducer was placed on the hip joint to obtain
the standard coronal section image of the hip joint with
3 essential landmarks according to the Graf method: the

inferior border of the ilium, the osseous acetabular roof, and

the labrum, (14). The a angle is the osseous acetabular roof
angle, and the p angle is the acetabular cartilaginous angle
(Figure 2). According to the Graf US classification, infant
hips can be categorized into the following types: I, Ila, IIb,
IIc, and D, III or IV (14). When we measured the femoral
head coverage, the FHD was recorded as D (Figure 2).

Graf type I hips were considered mature hips or the
control group. All affected hips that were staged as Graf type
ITa-IV were placed into the DDH group and were classified
into 5 categories according to disease severity: Graf Ila (+),
physiologically immature hip; Graf IIa (=), maturational
deficit hip; Graf IIb, dysplastic hip; Graf Ilc, heavily
dysplastic hip; and Graf D, III or IV, decentered hip (5,8).

Femoral bead ossification center type

All US standard transverse section images of the hip were
read by 2 pediatric radiologists (reader 1 J.L., with 7 years
of experience, and reader 2 H.L., with 5 years of experience)
to classify the ossification center of the femoral head.
Maturity of the femoral head ossification center was
classified into 4 categories according to US morphology
and echo intensity: type I, no ossification; type II, punctate
ossification; type III, patchy ossification without acoustic
shadow; and type 1V, crescent ossification with acoustic

shadow (Figure 3) (15).
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Figure 3 A hip ultrasound examination of femoral head ossification by transverse section images. (A) Type I, no ossification. (B) Type II,

punctate ossification (arrow). (C) Type III, patchy ossification without acoustic shadow (arrow). (D) Type IV, crescent ossification with

acoustic shadow (arrow).

Tests of intraobserver and interobserver reliability

Forty participants were randomly selected to test
the intraobserver and interobserver reliability of the
measurement of the o angle, the B angle, FHD, Graf
classification, and femoral head ossification center type.
The 2 pediatric radiologists were independent in their
interpretation of US images.

Statistical analysis

SPSS v. 25.0 software IBM Corp., Armonk, NY, USA)
was used for statistical analysis. Propensity score matching
for age and sex was used to match the different DDH type
patients with the normal participants (1:1). Continuous

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

variables were compared using Student’s 7 test or 1-way
analysis of variance, categorical variables were compared
using the  test, and ranked variables were compared using
the Mann-Whitney test or the Kruskal-Wallis test. For
the intraobserver and interobserver variability tests, the
intraclass correlation coefficient ICC), weighted kappa test,
and Bland-Altman plots were used. P<0.05 was considered
statistically significant.

Results
Participant characteristics

After hip US examination, a total of 1,037 normal
participants (607 females aged 4.0+1.2 months; 430 males
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Table 1 Characteristics of mature hip (Graf type I) participants

Age/month’ Femoral head ossification center type (hips)/

Sex numbers? Total participants/
numbers
0—<1 1-<2  2—<3 3-<4 4-<5 5-6 | Il 1l \Y,
Female 4 41 63 174 174 151 411 (33.9) 101 (8.3) 327 (26.9) 375 (30.9) 607
Male 2 22 74 126 121 85 484 (56.3) 81 (9.4) 152 (17.7) 143 (16.6) 430

', data are the number of participants. *, data are the number of hips, with percentages in parentheses. The comparison of female and
male ossification type stratification used the Mann-Whitney test.

Table 2 Femoral head ossification center type and FHD of DDH Hips

Graf type %Tll?z;?l Age, month* | Femoral heITd ossification I(I:Ienter e’ " FHD, cm® Total hips
lla 75:39 2.0£0.7 133 (91.7) 3(2.1) 5 (3.4) 4(2.8) 1.62+0.15 145
lib 160:45 46+1.2 108 (45.8) 24 (10.2) 43 (18.2) 61 (25.8) 1.75+0.15 236
lic 19:17 3.4+1.6 26 (70.3) 2 (5.4) 6(16.2) 3(8.1) 1.64+0.18 37

D 3:2 3.3+1.9 4(80.0) 0 1 (20.0) 0 1.65+0.25 5

1] 10:0 42:15 9 (90.0) 0 0 1(10.0) 1.59+0.14 10

\Y; 11:9 3.11.4 19 (82.6) 2(8.7) 2(8.7) 0 1.44+0.18 23

', the unilateral affected DDH indicates the affected DDH type hip and another Graf type | hip. The bilateral affected DDH includes the
same DDH types and the different DDH type hips. ¥, data are means + standard deviations. $, data are number of hips, with percentages in
parentheses. FHD, femoral head diameter; DDH, developmental dysplasia of the hip.

aged 3.9+1.2 months) with 2,074 mature hips were included Intraobserver and interobserver reliability
in this study (7able 1). Among them, 578 participants

had positive physical examinations, and 459 participants There was good intraobserver reproducibility of the

measurement of the o angle, the p angle, and FHD,
with ICCs of 0.99, 0.99, and 0.92, respectively (all P
values <0.001). There was good agreement between the

were scheduled for a routine physical examination at 4-
to 6-week-old All participants were outpatients. The

age stratification of the participants is shown in Table 1. i
2 operators in the measurement of the o angle, the p angle,

significantly later (i.e., a lower percentage of ossification and FHD, with ICCs of 0.99, 9'95’ and 0.91, respectively
types II-IV)) than that of females (P<0.001; Tible 1). A total (all P values <0.001). The weighted kappa values of the
of 367 DDH participants (301 females aged 3.71.6 months; measurements of the Graf classification and femoral head
66 males aged 3.3+1.8 months) with 456 dysplastic hips ossification type were 0.90 and 0.85, respectively (both P
were included in this study (7Tzble 2). Among them, values <0.001), which showed good reliability. The Bland-

The femoral head ossification center of males occurred

267 participants had positive physical examinations, and Altman plots also showed good agreement between the 2
100 participants were scheduled for a routine physical operators in measuring the a angle, the f angle, and FHD
examination at 4-6 weeks. All participants were outpatients (Figures S1-S3).

except for 2 participants who were inpatients with
exomphalos. There was a total of 278 cases of unilaterally
affected DDH and 89 cases of bilaterally affected DDH.
The femoral head ossification center type and mean FHD
of each DDH type are shown in Table 2. We analyzed the developmental data of mature hips (Graf

The developmental FHD and femoral bead ossification
center data in mature bips
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Figure 4 The developmental FHD of mature male and female
hips at different ages. UL, upper limit; CI, confidence interval; LL,

lower limit; FHD, femoral head diameter.

type I). The mean FHD and the corresponding 95%
confidence interval of every age stratification are shown in
Figure 4 and "Table S1. As expected, the FHD of mature male
hips was significantly larger than that of female hips from the
age of 2 months to 6 months (all P values <0.01; Table S1).
The femoral head ossification center occurred at 2-3 months
in females and 3-4 months in males (Table S2; Figure 5).
From 3 months to 6 months, the femoral head ossification
center of males occurred significantly later (i.e., a lower
percentage of ossification types II-IV) than that of females of
the same age (all P values <0.05; Table S2; Figure 5). There
was no significant difference in femoral head ossification
center types between males and females at less than 3 months

of age (all P values >0.05; Table S2).

The impact of different DDH types on FHD development

There was no significant difference in FHD between Graf
ITa (+) and age- and sex-matched mature hips (P=0.186;
Figure 64). However, the FHD of Graf IIa (-) was
significantly smaller than that of the matched mature hips
(1.64£0.15 vs. 1.72£0.13 cm; P=0.006; Figure 64). The FHD
of Graf IIb was also smaller than that of the matched mature
hips (1.7520.15 wvs. 1.79+0.15 cm; P=0.006; Figure 64). The
FHD of Graf Ilc was significantly smaller than that of the
matched mature hips (1.65+0.18 vs. 1.73£0.15 cm; P=0.035;
Figure 6A4). The FHD of Graf D, IIT or IV was also markedly
smaller than that of the matched mature hips (1.51+0.19 vs.
1.71£0.18 cm; P<0.001; Figure 64). The results indicated
marked developmental retardation of the femoral head in

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Graf ITa (), IIb, IIc, D, T or IV.

After age- and sex-matching and intercomparison of
different DDH types, the developmental retardation of the
femoral head in Graf D, III or IV was the worst among all
the DDH types (the FHD was smaller than that of Graf
IIa (+), Ila (=), IIb, or Ilc; all P values <0.01; Figures 6B,6C).
The FHD of Graf Ilc was smaller than that of the matched
Graf IIb (P=0.027; Figure 6C). Because of the mismatched
age of Graf Ila and IIb, we did not compare the FHDs of
these hips.

The impact of different DDH types on femoral bead
ossification center development

The occurrence of femoral head ossification in Graf Ila (-)
was significantly delayed compared with that in matched
mature hips (P=0.045; Figure 74). There was no significant
difference in femoral head ossification center types
between Graf Ila (+)/IIb/Ilc and the matched mature hips
(Figure 74). However, the occurrence of the femoral head
ossification center in Graf D, III or IV was markedly later
than that in matched mature hips (P=0.027; Figure 7A4).

After age- and sex-matching and intercomparison of
different DDH types, no significant difference in femoral
head ossification center types was found among Graf Ila
(+), ITa (=), IIc, and D, II or IV (Figure 7B). However, the
occurrence of the femoral head ossification center in Graf
D, III or IV was significantly delayed compared with that in
matched Graf IIb hips (P=0.008; Figure 7C). Because of the
mismatched age of Graf Ila and IIb, we did not compare the
femoral head ossification center types of these hips.

Discussion

DDH is a developmental disorder and not a congenital
disease. A relatively normal range of the development of the
femoral head will provide more reference for the evaluation
of the development of infants’ hips and as a risk factor for
the surveillance of DDH. This study provided a relatively
normal range of FHD of male and female infants from 1 to
6 months old. From 2 months old, the FHD of males was
significantly larger than that of females at the same age.
From 3 months old, the femoral head ossification center
of males occurred significantly later than that of females
of the same age. According to the latest World Health
Organization child growth standard, boys develop later than
girls at the same age, and the first-year growth rate of boys
is faster than that of girls of the same age (16). The peak
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NS, not significant; DDH, developmental dysplasia of the hip.
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in growth of boys (14-15 years) is later than that of girls
(1213 years), which fits the occurrence time of the femoral
head ossification center (17).

We found that the femoral head ossification center
occurred at 2-3 months in females and 3-4 months in
males. The ossific nucleus of the femoral head appears
radiographically by age 4-6 months in normal hips.
Compared with the reported ossification rate curve (18),
the femoral head ossification in our study occurred much
earlier. The ossification center can be seen 6-8 weeks earlier
with sonography than with radiography (19), and the better
feeding and nutrition condition currently also accounts for
these results (20).

This study revealed the developmental retardation of
the femoral head in DDH. Compared with the matched
mature hips, the FHD of Graf Ila (-) hips was significantly
smaller, and the occurrence of the femoral head ossification
center was delayed. However, no significant developmental
retardation was found in Graf Ila (+) hips. The development
retardation of FHD was also found in Graf IIb, Ilc, and

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

D, III or IV hips. The occurrence of the femoral head
ossification center was delayed in Graf D, III or IV hips.

A right anatomic relationship and located femoral
head are necessary for acetabular and femoral head
development (21). Persistent lateral hip subluxation and
dislocation result in a shallow acetabulum and a mismatched
femoral head. A smaller femoral head and delayed
appearance of the ossific nucleus in radiographic DDH
were also found in the study of Wu ez 4/. (22) and Sugawara
et al. (23). More importantly, a smaller femoral head was
significantly associated with the incidence of avascular
necrosis (22). The surveillance of femoral head size in DDH
by US and appropriate treatment are necessary to avoid
avascular necrosis or other poor outcomes. Closed reduction
and subsequent spica casting are alternative, important, and
widespread treatment methods for DDH (24). However,
if the diagnosis of DDH is too late, closed reduction is no
longer possible, as the femoral head continues growing,
making repositioning into the acetabulum mechanically
impossible or aggravated.
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Management of type Ila/Ila (-) hips remains
controversial, and these hips always carry a risk of either
overtreatment or development of true hip dysplasia (25,26).
If untreated, 95.3% and 84.4% of type Ila (+) and 1la
(-) hips, respectively, become normal (27). Therefore,
sonographic surveillance for these immature hips is
conducted in some areas (10). However, according to the
latest international DDH guideline, a Pavlik harness is
recommended to treat Graf Ila (-) hips from 6 weeks of age
(5,8). Bilgili et al. (25) found that, compared with Graf type
ITa (+) hips, Graf type Ila (-) hips were less improved during
natural progression and needed more treatment with a hip
abduction orthosis. Omeroglu et 4/. (28) found that Graf
Type Ila () had a 93% rate of treatment success by the
Pavlik harness. Our study showed significant developmental
retardation of Graf Ila (-) hips, which supports the
appropriate treatment for these hips.

Our results showed that US is a useful and easy method
for screening and early diagnosis of DDH. However, to
evaluate the therapeutic effect following open and closed
reduction, magnetic resonance imaging (MRI) is typically
performed to confirm the concentric reduction and predict
prognosis (24,29). At this point, for severe DDH that needs
reduction, the US results of femoral head size and femoral
head ossification may be reproduced by MRI images. We
would like to continue further studying this topic.

There are several limitations of this study. First, we
employed a retrospective design with no follow-up. The
classification of DDH may change over time. Second, we
used the Graf type I mature group as the control group.
However, there was selection bias in our study. The
participants in the Graf I group might have had risk factors
or abnormal physical examinations. We will continue
future hip studies for healthy infants. Third, we did not
record the FHD or the femoral head ossification center
type after treatment. Successful treatment should result in
the improvement or catch-up of the femoral head. Finally,
the present study was conducted in 1 medical center, and
validation in different centers is needed.

In summary, we provided a relatively normal range for
the development of infants’ hips from 1 to 6 months old
and found significant developmental retardation of the
femoral head; that is, delayed ossification and smaller size
FHD, in Graf Ila (=), IIb, Ilc, and D, III or IV hips. This
is a preliminary study of the developmental impact of
DDH on the femoral head. We will continue the follow-
up study after treatment and compare outcomes of different
therapeutic strategies.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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two operators in the measurement of the femoral head diameter.
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Table S1 The developmental FHD of male and female in mature hips

Male FHD/cm Female FHD/cm
Age/month P values'
Mean LL of 95% Cl UL of 95% CI Mean LL of 95% Cl UL of 95% ClI
1.5 1.663 1.624 1.703 1.591 1.558 1.625 0.464
2 1.695 1.603 1.787 1.658 1.619 1.697 0.005
25 1.780 1.753 1.808 1.694 1.659 1.730 <0.001
3 1.796 1.764 1.828 1.706 1.673 1.738 <0.001
3.5 1.845 1.821 1.868 1.745 1.724 1.765 <0.001
4 1.853 1.830 1.876 1.773 1.755 1.791 <0.001
4.5 1.900 1.870 1.929 1.798 1.778 1.818 <0.001
5 1.892 1.864 1.920 1.807 1.788 1.826 <0.001
55 1.894 1.855 1.934 1.815 1.792 1.839 <0.001
6 1.919 1.886 1.952 1.813 1.793 1.832 <0.001
6.5 1.929 1.889 1.969 1.811 1.775 1.847 <0.001

T, the comparison of female and male FHD was using the Student’s t test. Cl, confidence interval; FHD, femoral head diameter; LL, lower
limit; UL, upper limit.

Table S2 The developmental femoral head ossification of male and female in mature hips

Male femoral head ossification (%)" Female femoral head ossification (%)’
Age, month P values*
Type | Type Il Type lll Type IV Type | Type Il Type lll Type IV
1.5 90.6 9.4 0.0 0.0 85.7 71 0.0 71 0.822
2 100.0 0.0 0.0 0.0 92.5 2.5 0.0 5.0 0.265
2.5 85.4 4.9 7.3 2.4 72.4 8.6 17.2 1.7 0.066
3 79.7 7.8 9.4 3.1 54.2 15.3 15.3 15.3 0.001
3.5 63.3 11.7 21.1 3.9 44.5 11.0 31.7 12.8 <0.001
4 63.6 9.3 16.9 10.2 38.8 8.8 35.3 171 <0.001
4.5 491 2.8 241 241 30.4 6.1 36.5 27.0 0.028
5 41.8 13.9 28.7 15.6 21.7 111 22.2 45.0 <0.001
5.5 40.6 9.4 12.5 37.5 7.0 10.2 37.5 45.3 0.001
6 20.4 15.3 13.3 51.0 6.8 4.0 24.4 64.8 0.001
6.5 17.3 5.8 40.4 36.5 4.3 1.4 22.9 71.4 <0.001

', data are percentages of different femoral head ossification types. ¥, the comparison of female and male femoral head ossification was
using the Mann-Whitney U test
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