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Abstract

Background Developmental dysplasia of the hip (DDH) is a
common condition that is highly treatable in infancy but can
lead to the lifelong morbidity of premature osteoarthritis if left
untreated. Current diagnostic methods lack reliability, which
may be improved by using 3-D ultrasound.

Objective Conventional 2-D US assessment of DDH has lim-
itations, including high inter-scan variability. We quantified
DDH on 3-D US using the acetabular contact angle (ACA),
a property of the 3-D acetabular shape. We assessed ACA
reliability and diagnostic utility.

Materials and methods We prospectively collected data from
January 2013 to December 2014, including 114 hips in 85
children divided into three clinical diagnostic groups: (1) nor-
mal, (2) initially borderline but ultimately normal without
treatment and (3) dysplastic requiring treatment. Using cus-
tom software, two observers each traced acetabula twice on
two 3-D US scans of each hip, enabling automated generation
of 3-D surface models and ACA calculation. We computed
inter-observer and inter-scan variability of repeatability coef-
ficients and generated receiver operating characteristic (ROC)
curves.
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Results The 3-D US acetabular contact angle was reproduced
95% of the time within 6° in the same scan and within 9° in
different scans of the same hip, vs. 9° and 14° for the 2-D US
alpha angle (P<0.001). Areas under ROC curves for diagno-
sis of developmental dysplasia of the hip were 0.954 for ACA
and 0.927 for alpha angle.

Conclusion The 3-D US ACA was significantly more reliable
than 2-D US alpha angle, and the 3-D US measurement pre-
dicted the presence of DDH with slightly higher accuracy. The
ACA therefore shows promising initial diagnostic utility. Our
findings call for further study of 3-D US in the diagnosis and
longer-term follow-up of infant hip dysplasia.

Keywords Developmental dysplasia of the hip - Hip -
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Introduction

Developmental dysplasia of the hip (DDH) is common, with a
prevalence of 1.6-28.5/1,000 infants [1, 2]. Two-dimensional
ultrasound (2-D US) is the preferred imaging modality for
evaluation of DDH in infants younger than 6 months [1].
Imaging is essential because clinical diagnostic tests, such as
the Barlow and Ortolani maneuvers, lack sensitivity after the
neonatal period and in cases of mild disease [3]. The most
common technique for diagnosing DDH on 2-D US, in com-
bination with Harcke dynamic testing, is the Graf method,
which requires a coronal plane image containing several land-
marks: flat horizontal iliac wing, labrum, acetabular roof, os
ischium, and a round femoral head. Imaging with visualiza-
tion of these landmarks is intended to standardize the plane in
which the acetabulum is imaged; however this method is still
susceptible to high inter-observer [4—6] and inter-scan [7, 8]
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variability. Because diagnosis of DDH relies heavily upon the
indices defined by the Graf method, especially the alpha an-
gle, the diagnosis can change as a result of these sources of
variability. If the diagnostic category (normal, borderline,
moderate or severe dysplasia) is based solely on the alpha
angle, diagnosis could change in half of hips in infants and
up to three-quarters in neonates simply by changing 2-D US
probe orientation [8]. Given these flaws, we seek a more reli-
able approach. Three-dimensional US captures the entire ace-
tabular shape in a single scan and therefore should be less
susceptible to inter-scan variability, with the potential to pro-
vide a more effective method for DDH diagnosis. Such diag-
nosis might ultimately rely on a combination of visual quali-
tative assessment and quantitative indices analogous to the
alpha angle. To our knowledge, no quantitative indices have
been developed for 3-D US in DDH.

Bony remodeling of the acetabulum is based on forces and
loading factors imposed by the femoral head in the ball and
socket joint [9]; consequently it may be meaningful to develop
indices that define the geometry of the portion of acetabulum
that contacts the femoral head. Differences in the contact zone
might differentiate between normal and dysplastic hips. We
have developed an index for measuring infant hip dysplasia on
3-D US, called the acetabular contact angle (ACA). The ACA
is a property of the 3-D acetabular shape and indicates the
direction of the forces the acetabular cup would experience
from standing body weight. This paper focuses on evaluating
the diagnostic utility and reliability of the ACA index.

Materials and methods
Patients

Our institutional health research ethics board approved this
prospective study. Imaging was performed at a tertiary pedi-
atric hospital from January 2013 to December 2014. At the
first routine clinical 2-D US examination of each hip we ob-
tained written informed consent from a guardian to perform 3-
D US as part of the examination. Scan indications included
clinical suspicion of DDH (hip laxity or asymmetrical skin
creases) or risk factors such as positive family history.
Because dysplasia can be unilateral or bilateral, we included
each hip separately, and in cases of normal hips we only in-
cluded one hip per subject in the study. We had 114 hips in 85
infants (60/85, or 71%, female). Infants underwent US at the
mean age of 56.1 days (range 4-183 days). We observed clin-
ical care for at least 3 months after initial scan (average
9.4 months; maximum 26 months) to classify each imaged
hip based on orthopedic surgeon expert opinion at the first
orthopedic assessment. Hips were categorized as normal (cat-
egory 0; 40 hips and 40 infants; follow-up mean 157 days,
range 94619 days); questionably abnormal initially but with

@ Springer

findings that resolved spontaneously at follow-up imaging
and clinical examination (category 1; 34 hips in 23 infants;
follow-up mean 464 days, range 94-801 days); or dysplastic
and proceeding to treatment by Pavlik harness or surgery (cat-
egory 2; 40 hips in 22 infants; follow-up mean 314 days, range
94-733 days).

Imaging

We performed conventional 2-D US in both hips using a 12-
megahertz (MHz) linear transducer (L12-5; Philips
Healthcare, Andover, MA), in the coronal Graf standard plane
by usual clinical protocol per American College of Radiology
recommendations [10]. In addition, two study team members,
including a radiologist, technologist or medical or graduate stu-
dent trained by the study radiologists, used a high-resolution
13-MHz 3-D linear transducer (13VL5; Philips Healthcare,
Andover, MA) to obtain coronal 3-D US images of each hip.
The 3-D probe was held in a similar manner to the 2-D ultra-
sound protocol, with the transducer head resting near the greater
trochanter of the infant. The user first aligned the 3-D probe
such that the central slice of the 3-D image (displayed on
screen) approximated the Graf standard plane (Fig. 1). As the
3-D sweep ran, the sonographer would note the presence of the
os ischium as well as the posterior and anterior ends of the
acetabulum, while minimizing motion artifacts. The 3-D trans-
ducer was used to perform a 3.2-second automated sweep
through +15° range to generate a 3-D dataset of 256 US sec-
tions, each 0.13-mm thick and containing 411 x 192 pixels mea-
suring 0.11 x 0.20 mm. We had 114 hips to evaluate, with two
2-D US images and two 3-D US scans of each hip obtained by
different team members to assess inter-scan variability.

Image processing
Three-dimensional US
Three-dimensional US images were analyzed off-line using

custom software built with Python (Anaconda Distribution
2.1.0; Continuum Analytics Inc., Austin, TX). Images of each

Fig. 1 Diagram of a typical sonographic examination of an infant hip
using a 3-D US probe (fan beam dimensions are 0.11 X 0.20 x 0.13 mm)
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hip were reviewed by two observers (observer 1, M.G.M., a
graduate student in biomedical engineering/radiology; and ob-
server 2, J.L.J., the lead radiologist, with fellowship training in
pediatric and musculoskeletal radiology and 11 years of
experience).

For each hip, the acetabulum was traced on selected slices
between two landmark points on opposite ends of the acetabu-
lum (Fig. 2) using a customized semi-automated interactive
interface in Python, including functions from the
Visualization Toolkit (Kitware Inc., Clifton Park, NY).
Contours traced on 5-7 selected sections were automatically
interpolated to intervening sections, then reviewed and
corrected by manual nudging of contours if needed. These
tracings were used to create a surface model of the acetabulum.
The process and tool are similar to those used to generate ven-
tricle contours in cardiac MRI. Tracing of the acetabulum bone
for surface models took 30-90 s, depending on reader experi-
ence and acetabular complexity.

The apex point on each slice was the point farthest from the
line joining end points of ilium and acetabulum (Fig. 3). For
each point on the acetabular surface, we calculated a normal
vector, which is an engineering term for the line angled 90°
from that portion of the surface and uniquely defines the ori-
entation of that surface (Fig. 4). We then added all the normal
vectors for points on the ilium above the apex line, consider-
ing each point to be equally important in our sum. The
summed normal vector gives a net direction representing the
average orientation of the iliac wall. We similarly added all the
normal vectors for points on the acetabular roof below the
apex line, to get an acetabular summed normal vector. The
angle between these two lines is the ACA (Fig. 4).

Reading exercise

Readers performed bone tracings after consensus train-
ing on randomly selected data outside the study cohort.

Acetabular Roof

Fig. 3 Apex point. Typical 2-D US tracing of acetabulum is shown with
its apex definition point on a coronal image of the left hip of a normal 23-
day-old boy. The black dot overlaid on acetabulum tracing represents the
apex point as defined by the largest perpendicular distance between the
acetabulum tracing and the straight line connecting the start and end
points of the tracings. The apex point is calculated using the convexity
of adjacent points

Observers 1 and 2 (M.G.M. and J.L.J.) evaluated both
scans of each hip in the cohort (=114 scan 1, n=113
scan 2). To assess intra-observer reliability, each user
repeated all measurements on one set of hips (n=114)
>1 week after the initial readings.

Two-dimensional US

The alpha angle was also measured from the 2-D US
image of each hip most closely meeting Graf standards
by the usual clinical technique, by both users (observer
1/observer 2) (n=114 hips). Both users also re-
measured on the same images 1 week later for intra-

Fig. 2 Acetabulum landmarks and tracing techniques. Coronal images
show the normal left hip of a 48-day-old girl from posterior (a) to anterior
(c). a, ¢ The acetabulum landmarks at the posterior (a) and anterior (c)
edges of the acetabulum; slices more anterior or posterior no longer

showed acetabulum edges. b Typical slice between landmarks with
associated acetabulum (red). The green points on each figure indicate
user defined points defining the acetabulum
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Fig. 4 Surface normals, apex point and acetabular contact angle (ACA).
a Three-dimensional US image shows a limited number of the surface
normal vectors (red arrows) used in ACA calculation. These are defined
as the lines angled at 90° to each tiny portion of the bony surface.
Mathematically, the surface normal uniquely defines the orientation of
that surface. b ACA measurement. The irregular line traversing the
acetabulum is the apex line. The thick white line represents the
summed, or net, iliac wall normal vector calculated by adding the

observer reliability, and also measured alpha angle on 2-
D US images of a subset (n=83) of these hips, which
had been scanned at the same initial visit by a different
user, to assess inter-scan variability.

Statistical analysis

Statistics were calculated on SPSS software v. 20 (IBM,
Armonk, NY). Descriptive statistics were recorded as
mean +standard deviation (SD). For repeated measure-
ments we calculated the mean difference in values and
characterized limits of agreement by the repeatability
coefficient, i.e. the range of values within which there
is 95% limit of agreement that a second observation
will fall from the first [11], and the coefficient of var-
iation. The intraclass correlation coefficient (ICC 3,1)
was also calculated to assess conformity between users.
For ACA and alpha angle we calculated intra- and inter-
observer variability for evaluation of a single 3-D US or
2-D US scan of each hip, and the inter-scan variability
for each observer between the first and second 3-D US
or 2-D US scans of each hip. We compared inter-scan
reliability of alpha angle and ACA indices by paired
Student’s #-test and also by nonparametric Wilcoxon
signed rank test. To assess the utility of ACA and alpha
angle as diagnostic tests for DDH requiring treatment,
we computed the area under the corresponding receiver
operating characteristic (ROC) curves.
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normal vectors from each point on the iliac surface above the apex line.
The thick blue line represents the acetabular summed normal vector,
calculated by adding all normal vectors from the acetabular surface
below the apex line. The ACA is the angle between these two lines. A
smaller ACA indicates less difference between the orientation of the iliac
wall and acetabular roof, i.e. a more dysplastic hip. ¢ The true anterior
view. Three-dimensional images created from raw data in a 48-day-old
girl

Results
Reliability of alpha angle

Alpha angle reliability is summarized in Table 1. In 114 hips,
intra-observer variability of the 2-D US alpha angle was 1.3
+3.5° (median 1.1) for observer 1. and 2.6 £3.9° (median 1.9)
for observer 2, with repeatability coefficient=7.1° and 7.6°,
ICC=0.96 and 0.95, and coefficient of variation=4.4% and
5.3%, respectively. Inter-observer reliability of the alpha angle
was 0.9+4.5° (median 0.5) between users (observer 1 and
observer 2), repeatability coefficient=8.8°, ICC=0.95, coeffi-
cient of variation=5.4%. In the 83 hips with two 2-D US
scans, inter-scan reliability of the alpha angle was 1.6+6.5°
(median 2.0) for observer 1 and 0.8+7.1° (median 0.4) for
observer 2, repeatability coefficient=12.3° and 13.8°,
ICC=0.88 and 0.88, coefficient of variation 7.5% and 8.2%,
respectively. Inter-scan reliability was significantly poorer for
alpha angle than ACA by paired #test (P=0.001; Fig. 5).

Reliability of acetabular contact angle

Reliability information for ACA is also summarized in
Table 1. In 114 hips, the intra-observer variability of the
ACA was 0.3+2.8° (median 0) for observer 1, and 1.5+3.0°
(median 1.6) for observer 2, with repeatability coeffi-
cients=5.5° and 5.7° and ICC=0.97 and 0.96, respectively.
The coefficient of variation was 4.3% for observer 2 and
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Table 1  Reliability analysis of alpha angle and acetabular contact angle by mean and standard deviation (SD), repeatability coefficients (RC) and
coefficient of variation (CV)
Alpha angle Acetabular contact angle
(2-D US) (3-D US)
Mean+SD (°) Median (°) RC(°) CV (%) Mean+SD (°) Median(°®) RC(°) CV (%)
Intra-observer ~ Observer 2 2.6+3.9 1.9 7.6 53 1.5+£3.0 1.6 57 43
Observer 1 1.3+£3.5 1.1 71 4.4 03+2.8 0 5.5 39
Inter-observer ~ Observer 2 vs. Observer 1~ 0.9+4.5 0.5 8.8 5.4 2.6+3.0 25 5.6 6.0
Inter-scan Observer 2 0.8+7.1 0.4 13.8 8.2 0.1+44 1.6 8.6 6.5
Observer 1 1.6+6.5 2.0 12.3 7.5 09+4.1 1.2 8.1 54

Note: Bolded values indicate the largest RC/CV value in each row

3.9% for observer 1. Inter-observer reliability of the ACA on
the same 3-D US scan was 2.6+3.0° (median 2.5) between
readers (observer 1 and observer 2), repeatability coeffi-
cient=5.6°, ICC=0.91, coefficient of variation=6.0%. In 113
hips, the inter-scan reliability of the ACA was 0.9+4.1° (me-
dian 1.2, observer 1.) and 0.1 +£4.4° (median 1.6, observer 2),
repeatability coefficient=8.1° and 8.6°, ICC=0.93 and 0.92,
and coefficient of variation 5.4% and 6.5%, respectively.

Diagnostic utility: normal vs. dysplastic hips

Clinical categories of dysplasia (0=normal, 1=borderline ini-
tially but ultimately normal, 2=dysplastic and treated) were
well separated into distinct groups by the 2-D alpha angle
and by the ACA (Table 2). The 2-D US alpha angle was
63.3+4.7° (mean + standard deviation [SD]), with a 95% con-
fidence interval [CI] 62.8°, 65.8° for category 0; 56.1+4.5°,
with a 95% CI 54.6°, 57.7° for category 1; and 45.5+8.1°
with a 95% CI 42.8°, 45.9° for category 2. The 3-D US
ACA was 53.6+3.7° (95% CI 52.4°, 54.7°) for category 0;

Repeatability Coefficients
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# Alpha Angle
Acetabular Contact Angle
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Fig. 5 Repeatability. Bar graph illustrates the difference between alpha
angle and acetabular contact angle’s repeatability coefficients. A smaller
repeatability coefficient is desirable because it indicates a narrower range
of variability. Note the asterisk on inter-scan columns denotes a
significant difference (P<0.001)

45.7+4.5° (95% CI 44.2°, 47.2°) for category 1; and 36.8
+5.5°(95% CI 35.1°, 38.7°) for category 2. The mean values
found within the 2-D US and 3-D US approaches, within each
of the three diagnostic categories, were found to be statistical-
ly different (P<0.001). The Pearson correlation coefficient
between observer 1’s ACA and alpha angle values (n=114)
was 0.759, P<0.001 (Fig. 6). The raw alpha angle and ACA
readings were normally distributed.

Case-by-case frequency distribution shown on pyramid
graphs (Fig. 7) demonstrates optimal separation of normal
vs. dysplastic hips at a threshold of 60.0° for 2-D US alpha
angle (normal above 60°, dysplastic below 60°), and 48.0° for
3-D US ACA (normal above 48°, dysplastic below 48°).
Receiver operating characteristic (ROC) curves were generat-
ed (Fig. 8) for a diagnostic test using either the ACA or
alpha angle imaging index to detect DDH requiring treat-
ment, compared to the clinical gold standard diagnosis
by an orthopedic surgeon using all available clinical
and imaging information. The area under the curve for
2-D US alpha angle was 0.927 and for 3-D US ACA was
0.954. There was only one case in which an infant was
clinically considered normal but had an ACA in the ab-
normal range, compared to six overlapping cases be-
tween normal and dysplastic for the 2-D US alpha angle
(15% of the dysplastic patients). On review, the single
overlapping case with normal ACA had an acetabulum
with an appropriately steep edge but which was quite
shallow with subluxed femoral head, and alpha angle
was also in the normal range in this hip.

This study included 34 hips that were considered border-
line clinically (initially concerning enough for dysplasia to
require follow-up but normalizing later without treatment).
Of these, 25 had ACA below the 48° normal threshold, 27
had alpha angle below the 60° normal threshold, and 22 had
both alpha angle and ACA indices that were abnormal. Of the
25 borderline cases with ACA below 48°, seven had ACA
only slightly low (45-48°), and 19 (76%) were in infants
<6 weeks of age.
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Table 2 Alpha and acetabular

contact angle by diagnostic Alpha angle Acetabular contact angle
category (Dx)
Dx Mean+SD°* Median® Confidence interval®° Mean+SD°*  Median® Confidence interval °
0 63.3+4.7 65.0 [62.8, 65.8] 53.6+3.7 53.7 [52.4,54.7]
56.1+4.5 55.9 [54.6,57.7] 45.7+4.5 452 [44.2, 47.2]
2 45.5+8.1 45.9 [42.8,45.9] 36.8+5.5 37.7 [35.1,38.7]

*Mean values found within the 2-D US and 3-D US approaches, within each of the three diagnostic categories,
were found to be statistically significant (P <0.001)

Qualitative review of 3-D US images showed the dysplas-
tic hips receiving treatment to have shallower, simplified
shapes of 3-D acetabular sockets compared to the deeper
shapes of normal hips.

Alpha angle and ACA had similar Pearson correlation co-
efficients when compared with age: ACA vs. age was 0.551
and alpha angle vs. age was 0.456.

The intra-scan variability between angle measurements
was compared for both users (observer 1 and observer 2) using
the normalized difference values within users. For both users,
the intra-observer intra-scan differences in ACA values (i.e.
read on successive sessions by the same user from the same
scan data) was significantly less than the intra-observer intra-
scan difference in alpha angle (P<0.05), whether using data
normalized to the largest angle in the dataset or not.

Discussion

This study introduced the acetabular contact angle (ACA), an
index generated from 3-D US to quantify developmental dys-
plasia of the hip. We tested the measurement’s reliability and
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Fig. 6 Graph shows correlation between alpha angle and acetabular
contact angle; r=0.759
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Fig.7 Case-by-case frequency distribution pyramid graphs for alpha and
acetabular contact angles (ACA) by diagnostic category (0=normal,
1=borderline, 2=dysplastic requiring treatment). For the alpha angle (a),
category 0 hips are best separated from category 2 at a threshold of 60°
(horizontal line), with no missed cases of dysplasia (upper right portion of
graph) and six normal hips with abnormal alpha angle values (lower left
portion of graph). For the ACA (b), the optimal threshold was 48°, giving
no missed dysplastic hips and just one normal hip with an abnormal
ACA. Most clinically borderline cases were in the dysplastic range by
alpha angle or ACA
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Fig. 8 Receiver operating characteristic curve for alpha angle (a) and
acetabular contact angle (b). For the alpha angle the area under the
ROC curve was 0.927. For the acetabular contact angle the area under
the ROC curve was 0.954

diagnostic utility. We compared ACA reliability to that of the
2-D US alpha angle, which is the index most widely used in
DDH diagnosis and which has the lowest variability of any 2-
D US index, especially in comparison to beta angle [4, 5, 12,
13] or femoral head coverage [5, 7].

The intra-observer variability of the ACA was similar to
that reported for the 2-D US alpha angle (SD=3.5° in this
study, and 3° [12], 3.2° [13], 2.8° [6] and 3.1° [14] in the
literature). The inter-observer reliability of ACA (interpreting
the same images) is also comparable to that of the 2-D US
alpha angle in other studies (SD=2° [4] to 3.5° [6]), and better
than repeatability coefficient=17° reported in one study per-
formed by orthopedic surgeons [5]. In our study the 2-D US
alpha angle inter-observer variability was relatively high. The
inter-scan variability of the ACA (i.e. from different scans of
the same hip) was somewhat higher than inter-observer

variability (when two observers analyze the same 3-D US
scan), but this was significantly and substantially less than
inter-scan variability of the 2-D US alpha angle (P <0.05 para-
metric and nonparametric tests). Overall the ACA was mea-
sured on 3-D US with reliability equivalent to that of the 2-D
US alpha angle when observers each reviewed the same 3-D
US or 2-D US images, but the ACA was substantially more
reliable than the alpha angle on different scans of the hip. This
difference is likely a result of the intrinsic benefit of using 3-D
US to capture the full acetabulum, compared to 2-D US, in
which there is inevitably variation in which plane the sonog-
rapher captures a representative image of the hip. Because the
ACA is calculated from the entire acetabular shape rather than
a selected slice of it, ACA therefore ought to be more reliable
than alpha angle, which is what we have demonstrated.

The reported repeatability coefficients for users observer 2
and observer 1, respectively, for the 2-D US findings are 7.6°
and 7.1° and for the 3-D US are 5.7° and 5.5°. These values
measure the 95% limits of agreement based on mean=+1.96
SD. By definition, each of these values provides an interval
within which 95% of test-retest measurement differences lie
— 1in this case, for observer 2 the values were +7.6° for 2-D
US and £5.7° for 3-D US approaches. This implies that the
probability of detecting a change in 3-D US ACA greater than
5.7° (i.e. z greater than +1.96) in the test population is only
2.5%. Further, if the repeatability coefficient value of 5.7 is
halved to 2.85 (mean + 1SD, z = +1), 84% of subjects would
be expected to exhibit test-retest changes in ACA less than
2.85°. The probability of such a change being from measure-
ment noise is 16%, and for a change of 5.7°, just 2.5%. In
other words, on the basis of probability, such differences
would more than likely represent a genuine difference in 3-
D US ACA rather than measurement noise. The significantly
lower inter-scan repeatability coefficient for ACA than for the
alpha angle implies that the 3-D US ACA is less subject to
measurement noise than the 2-D US alpha angle.

The receiver operating characteristic (ROC) curves of the
ACA and alpha angle provide a useful insight into the diag-
nostic utility of these indices. Although both indices were
highly effective in diagnosis of hip dysplasia in this dataset,
the ACA has greater area under its curve, suggesting that the
ACA better measures the condition. The area under both ROC
curves is exceptionally high, likely because these scans were
performed in a rigorous research-protocol environment by ex-
perienced scanners in a dedicated multidisciplinary clinic. In
everyday clinical practice the area under the ROC curve
would likely be less than this for both indices, as seen in a
recent study where this area was 0.836 for the alpha angle
[15]. Both ACA and alpha angle showed high diagnostic util-
ity on all categories of hips in this study (i.e. normal, border-
line and dysplastic), but ACA over-called only one case of
dysplasia requiring treatment in a hip considered clinically
normal, compared to six cases for alpha angle.
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The moderate correlation of r=0.759 between acetabular
contact angle and alpha angle indicates that just over half of
the variation (*=0.57) in one index accounts for variation in
the other. This implies that the ACA measures different as-
pects of dysplasia from the alpha angle. The ACA is intended
to represent the line of action of the net force that can act from
the acetabulum on the femoral head. If the ACA were simply a
3-D version of the alpha angle, the correlation between the
two would be expected to be much higher.

It is generally recommended to scan infants at about
6 weeks because before this the hip is considered immature
[1, 16, 17]. Although delayed scanning is typically an accept-
ed practice for 2-D US, this pilot study suggests that 3-D US
might best be performed after some delay as well, because
three-quarters of the clinically borderline hips with ACA over-
lapping in the dysplastic range were <6 weeks of age.

The 48° threshold we determined between normal and ab-
normal for the ACA was that which visually best distinguished
normal from dysplastic hips in this particular dataset, with the
least false-positive readings for DDH, but the optimal thresh-
old value could only be set after extensive further validation
with larger study and longer-term follow-up.

The use of 3-D US gives a more complete view of the
acetabulum than is available from 2-D US. Given the high
reliability and discriminatory ability demonstrated here, 3-D
US is likely to be a useful diagnostic tool. Indices such as the
ACA can be used quantitatively to screen for hip dysplasia
and categorize its severity, analogous to the use of the 2-D
alpha and beta angles to establish Graf classifications. Even
without the use of a quantitative index such as the ACA,
review of 3-D US images and surface models might provide
subjective and overall impressions of a child’s physiological
development of value beyond a numeric index of dysplasia.

This study has limitations. We are the first clinic to system-
atically add 3-D US for infant hip dysplasia and this gave us a
limited sample size to draw from; however, we were still able
to include a full range of hips in each diagnostic category
ranging from normal to severely dysplastic. More important,
the clinical diagnoses and treatment decisions were made by
clinical orthopedic surgeons as per usual practice, and were
not validated by any external gold standard. Of note, because
neither the 3-D US images nor the ACA values were available
to the orthopedic surgeons, the diagnoses and treatment deci-
sions were also made entirely independent of 3-D US. Still,
our results regarding diagnostic accuracy should be
interpreted cautiously because the ultimate diagnosis might
vary in individual children after longer-term follow-up. It is
especially important to note that the gold standard clinical
diagnosis of DDH, although it includes assessment of hip
stability and clinical risk factors as well as acetabular mor-
phology, does rely to some extent on the 2-D US alpha angle,
so it is unsurprising that the alpha angle correlates highly to
the diagnosis. It is difficult to avoid this element of circular
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reasoning in study of DDH diagnostic accuracy without multi-
year follow-up, because whether a hip is subtly dysplastic or
not might not be determined until a child is much older, some-
times not until the third or fourth decade when premature
osteoarthritis sometimes develops in these children.
Therefore, the true clinical utility of the ACA is uncertain,
and extensive further testing against long-term clinical out-
comes is needed to confirm its validity as a diagnostic tool.

Conclusion

The acetabular contact angle (ACA) generated from 3-D US
data of infant hips is measured more reliably than the tradi-
tional alpha angle and can be reproduced 95% of the time
within 6° in the same scan, and within 9° in different scans
of the same hip. The ACA predicted the presence of hip dys-
plasia with higher accuracy than the alpha angle, despite the
alpha angle forming a key component of the diagnosis of hip
dysplasia in current practice. The ACA therefore shows prom-
ising initial diagnostic utility. Our findings call for further
study into the clinical use of 3-D US examinations for infant
hip dysplasia, and these studies should include longer-term
follow-up.
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