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Purpose:

Materials and
Methods:

Results:

Conclusion:

To validate accuracy of diagnosis of developmental dys-
plasia of the hip (DDH) from geometric properties of
acetabular shape extracted from three-dimensional (3D)
ultrasonography (US).

In this retrospective multi-institutional study, 3D US
was added to conventional two-dimensional (2D) US
of 1728 infants (mean age, 67 days; age range, 3-238
days) evaluated for DDH from January 2013 to De-
cember 2016. Clinical diagnosis after more than 6
months follow-up was normal (n = 1347), borderline
(Graf Ila, later normalizing spontaneously; n = 140)
or dysplastic (Graf IIb or higher, n = 241). Custom soft-
ware accessible through the institution’s research portal
automatically calculated indexes including 3D posterior
and anterior alpha angle and osculating circle radius from
hip surface models generated with less than 1 minute of
user input. Logistic regression predicted clinical diagnosis
(normal = 0, dysplastic = 1) from 3D indexes (ie, age and
sex). Output represented probability of hip dysplasia from
0 to 1 (output: >0.9, dysplastic; 0.11-0.89, borderline;
<0.1, normal). Software can be accessed through the re-
search portal.

Area under the receiver operating characteristic curve
was equivalently high for 3D US indexes and 2D US alpha
angle (0.996 vs 0.987). Three-dimensional US helped to
correctly categorize 97.5% (235 of 241) dysplastic and
99.4% (1339 of 1347) normal hips. No dysplastic hips
were categorized as normal. Correct diagnosis was pro-
vided at initial 3D US scan in 69.3% (97 of 140) of the
studies diagnosed as borderline at initial 2D US scans.

Automatically calculated 3D indexes of acetabular shape
performed equivalently to high-quality 2D US scans at
tertiary medical centers to help diagnose DDH. Three-
dimensional US reduced the number of borderline studies
requiring follow-up imaging by over two-thirds.
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evelopmental dysplasia of the

hip (DDH), found in 1.6-28.5

of 1000 infants (1), is associated
with premature osteoarthritis and is
responsible for nearly 30% of hip ar-
throplasties in patients younger than 60
years (2). Because treatment by Pavlik
harness is highly effective, prompt and
accurate diagnosis of DDH in infants
could substantially reduce the long-term
morbidity of DDH. Diagnosis by clinical
examination alone is difficult because
Barlow test and Ortolani maneuvers
lack sensitivity after the neonatal pe-
riod and for mild disease (3), especially
by nonexpert examiners. Ultrasonogra-
phy (US) is preferred for infant DDH
imaging because it is portable, avoids
ionizing radiation, and can view the
nonossified cartilaginous infant femo-
ral head (3). Two-dimensional (2D) US
examinations usually include dynamic
assessment for stability and measure-
ments on a standardized coronal plane
static image by Graf method (4,5).
Drawbacks of the Graf method include

Implications for Patient Care

B Three-dimensional (3D) US is at
least equivalent to two-dimensional
(2D) US in diagnostic accuracy
for developmental hip dysplasia,
with advantages including a four-
fold reduction in the number
of patients with inconclusive
borderline results who require
follow-up imaging.

B Three-dimensional US has poten-
tial advantages in feasibility in a
screening setting for hip dys-
plasia because the 3D indexes of
dysplasia are calculated automat-
ically from surface models gener-
ated with minimal user input, or
potentially completely automati-
cally calculated by using deep-
learning tools.

B (Qualitative review of 3D US
images and surface models may
help experts to provide subjec-
tive impressions of hip develop-
ment, providing value beyond a
numeric index of dysplasia and
aiding in individualized treatment
planning.

relatively high interobserver (6-8) and
interscan (9,10) variability, potentially
altering the final diagnosis in 50%-75%
of infants if scanned by a nonexpert
(8). In practice, over diagnosis of DDH
leads to increased health care costs and
unnecessary treatment (2). There are
frequent recalls for follow-up imaging of
borderline examinations (usually Graf
[la), which limit cost-effectiveness of
2D US in screening for DDH (2).

Three-dimensional (3D) US may
overcome some of the limitations of
2D US by providing a more complete
view of hip geometry than 2D US,
which shows only a partial view of the
complex 3D acetabular shape (10).
Three-dimensional US for DDH was
first proposed and studied in the 1990s
(11-15), but probes used slow manual
sweeps to produce scans and cumber-
some postprocessing was necessary, lim-
iting real-world utility of 3D US. More
recently, probes with increases in pro-
cessing power that perform automatic
rapid 3D sweeps underpin a renewed
interest in 3D US for DDH (16-22).
Three-dimensional US surface models
have high fidelity to 3D magnetic reso-
nance imaging reconstructions (21). In
small pilot studies (17,18,23), indexes
from these surface models helped to
predict DDH at least as accurately and
reliably as the conventional 2D US alpha
angle. However, these findings have not
been validated in a large patient group,
and it remains unclear to what extent
3D US could reduce borderline scans re-
quiring repeated assessment.

We hypothesized that 3D US scans
could provide diagnostic accuracy equiv-
alent to that obtained at expert 2D US
scans and that the use of 3D US scans
would reduce the need for follow-up in
borderline examinations. The purpose
of our study was to validate accuracy of
diagnosis of DDH from geometric prop-
erties of acetabular shape extracted
from 3D US.

Materials and Methods

Patients

We undertook a comprehensive
study involving a 3-year, four-center

collaboration between the University of
Alberta hospital Edmonton (Canada),
Royal Children’s Hospital Melbourne
(Australia), Children’s Hospital of Phil-
adelphia (Pa), and National University
of Singapore Hospital. Our retrospec-
tive study was approved by the health
research ethics boards of the partici-
pating centers. With written parental
consent, 3D US was added to the first
conventional 2D US scan of infants who
presented to radiology departments for
initial evaluation for DDH. Images in
our study were collected from the main
center from January 2013 to Decem-
ber 2016, and more recently from the
other centers as they began obtaining
hip 3D US images. The indication for
imaging was clinical suspicion of DDH,
usually because of breech presentation,
laxity at examination, asymmetric hip
or thigh creases, and/or other risk
factors such as a family history posi-
tive for DDH. Because dysplasia can
be unilateral or bilateral, we included
each hip separately. By December
31, 2016, we had 1884 consecutively
scanned hips, performed at mean age
67 days (age range, 3-238 days; Fig 1).
In some of our early work (16-18)
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Potentially eligible infants

Excluded n = 156
Reason: 3D scan
not adequate

n=1884
Participants
n=1728

Y

Evaluation based on
physical examination
and Graf criteria

y

Dysplastic
n =239

\

Treated for dysplasia,
e.g. by Pavlik harness

Figure 1:
categories.

developing the scan protocol, not all of
the Graf landmarks (acetabular roof, os
ischium, iliac wing, femoral head, and
labrum) were adequately visible. We
excluded 156 hips (8.3%; 156 of 1884)
from our study for this reason, and
41.0% (64 of 156) if these excluded hip
scans were from 2013. We found that
95.6% (576 of 602) of our scans from
2016 were adequate.

To assess outcomes, we observed
results of routine clinical care for at
least 6 months after the initial US
scan (average, 8 months; maximum,
23 months) by orthopedic surgeons
at each center who were blinded to
3D US images and findings. The refer-
ence standard diagnosis was provided
by the responsible clinician on the ba-
sis of usual clinical care, and it was
performed by synthesizing all avail-
able information (except 3D US),
including 2D US (initial and any fol-
low-up within 6 months), risk factors,
and clinical examination. Each imaged
hip was classified as normal at initial

assessment (category 0; n = 1347),
borderline (ie, questionably abnormal
initially [generally Graf Ila] but with
findings that resolved spontaneously
at follow-up imaging and what clinical
examination referred to as borderline)
(category 1; n = 140), or dysplastic
and undergoing treatment by Pavlik
harness and/or surgery (category 2;
n = 241). Clinicians were blinded to
3D US reconstructions. Three-dimen-
sional US images were read blindly as
anonymized data sets, with no other
data about each patient made avail-
able to the readers.

US Imaging

Imaging was performed on Philips
(iU22, Philips Healthcare, Andover,MA,
USA) or Toshiba (Aplio 500, now man-
ufactured by Canon Medical Systems,
Otawara, Japan) platforms. We per-
formed conventional 2D US for both
hips by using a linear transducer of
approximately 12 MHz (Philips 12 L5,
Philips Healthcare, Andover, Mass;

Normal
Follow-up Scan n = 1347
Borderline
=45 > Not treated

Flowchart shows the initial patient population, reason for exclusion from study, and the three diagnostic

Toshiba 141V7), including static coro-
nal imaging in the Graf standard plane
and axial dynamic imaging to assess
for hip stability by usual clinical pro-
tocol conforming to American College
of Radiology recommendations (24).
Two-dimensional US images were inter-
preted by a pediatric radiologist at each
center, and results and images were
made available to referring clinicians.
In addition, one of the clinicians used a
high-resolution (11-14 MHz) 3D linear
transducer (Philips VL13-5; Toshiba
141V7, Toshiba Medical Systems, Ota-
wara, Japan) in the coronal orientation
to obtain 3D US data sets of each hip
(10). At the main study center, scans
were performed by either a radiologist
(J.J., 15 years of experience), tech-
nologist (D.Z. and A.H., with 3 and 4
years of experience, respectively), or
a medical or graduate student (M.M.
and E.M., with 5 and 1 years of expe-
rience, respectively) trained by our ra-
diologist. Teams at other centers were
similarly structured. The transducers
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Figure 2

a.

b.
Figure 2: US images of acetabulum and femoral head landmarks and tracing. Coronal images show a normal left hip from (@) anterior, (b) middle, to (c) posterior;

sections that are anterior or posterior no longer showed acetabulum edges. There was a typical section between landmarks with associated acetabulum (red) and
femoral head (green). The red and green points on each figure indicate user-defined points.

specifications are typical: 3.2-second
automated sweep through a range of
+15° to generate a 3D data set of 256
US sections that were 0.13 mm thick,
each containing 411 X 192 pixels mea-
suring 0.11 X 0.20 mm. For reliability
analysis, there was a subset of hips for
which two of our study members each
performed two scans. Three-dimension-
al US was not released for use in clini-
cal treatment. We selected the highest
quality 3D US image for each hip on
which the Graf landmarks (acetabular
roof, os ischium, iliac wing, femoral
head, and labrum) were observable.

Image Processing

The clinically acquired 2D US image
of each hip that best met the Graf
standard plane requirements was cho-
sen and the alpha angle and acetab-
ular coverage were remeasured cen-
trally as per Graf methods (4) by one
of the authors (M.M., with 5 years of
experience in DDH imaging) trained
by the lead pediatric musculoskeletal
radiologist (J.J.).

We performed semiautomated ace-
tabulum and femoral head surface ex-
traction. For each hip, the acetabulum
was traced by selecting seed points:
three at the acetabular contour on each
of three sections (anterior, middle,
and posterior) and an additional two
points at the midfemoral head (total of

Figure 3
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Figure 3:

(Top) lllustration of the extracted acetabulum bone and femoral

head surfaces from the seed points. The apex line is marked in yellow. (Bottom)
Picture of the region segmented from three-dimensional US overlaid on a model of
the hip segmented by using computed tomography (CT). Note that model of the
hip generated at CT is from a different participant, and is used here to illustrate
the anatomic context of the segmented region.

3 X (3 + 2) = =15 user-placed points)
(Fig 2). User point selection occurred
for 30-75 seconds depending on shape
complexity and user experience. Auto-
mated interpolation along acetabular
and femoral surfaces in all other image
sections with these seed points then

generated a surface model of both the
acetabulum and femoral head (Fig 3).
The software used in this study was
developed in-house by using Python
programming language (version 2.7;
Python Software Foundation, Beaver-
ton, Ore) and the Visualization Toolkit
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#

b.
Figure 4: (a) The figure in green shows the surface model of normal hip

(3Da,, , = 65°, 3De, , = 57°, where 3Da

Post Ant Post

shows a dysplastic hip (3D«

Post

(version 5.10; Kitware, Clifton Park,
NY).

We incorporated the software into
our website where it can be used as an
online tool (http://niduscanada.com/
contact).

After 3D US surface model gener-
ation, we automatically generated the
apex line along the lateral acetabular
roof, which marks the separation of
the ilium and the acetabulum (yellow
line in Fig 3), then we calculated three
indexes of acetabular shape: 3D alpha
angle posterior and anterior (3Do,
and 3Da, , respectively), and the os-
culating circle radius (OCR) (Figs 4, 5).

We separated the acetabulum into
anterior and posterior segments by us-
ing the middle section tracing (Fig 2b) as
the dividing landmark between the ante-
rior (Fig 2a) and the posterior (Fig 2c)
acetabulum. The alpha angle for each
segment was calculated as the angle be-
tween planes best fitting the 3D surface
at the lateral iliac wall and acetabular

LXP‘;t'Jst (degree)

aAnt degree)

aAnt (degree)

aPost(degree)

and 3Da,, are three-dimensional b.
[3D] alpha angle posterior and anterior, respectively) and (b) the figure in red
=41°, 3D, = 36°).

Figure 5:

OCR (m

[llustration of the osculating circle radius (OCR) for (a) a normal hip

(OCR, 6.2 mm) and (b) a dysplastic hip (OCR, 15.3 mm).

roof, expressed as the angle between
normal vector of the acetabular plane
(IV)) and the normal vector of the iliac
plane (IV,), where cos is cosine:

1[ N, .N, ]
o =cos — |
|Nﬂ ||Nz|

The OCR is an index that represents
the radius of the largest sphere fit un-
der the curve of the lateral acetabulum
along the apex line; the larger the OCR,
the more rounded the acetabular roof
margin. Mathematically, the OCR is the
inverse of the first principal curvature
K, of the 3D acetabular surface, cal-
culated from the relationship between
the Gaussian curvature K, (an intrinsic
property of the surface) and the mean
curvature K (which depends on the
surface’s orientation in space). We first

parametrize the extracted surface as

s(x,y) =[x,k (x,y)]. where h(x.y) is

the height of surface at (x,y). The first

and second derivatives are s, = (1,0,4,),
Sy = (0)1)/")/)7 Sex — (0,0,}]xx),
Sy = (0,0,hxy), Sy = (0,0,/7}9,), and the

normal vector at point (x, y) is given by

S XSy, (—/}x,—/)y,l)

N(x,y)= =
(7) [sexsy | 1482 +5)

by, =,
(1442 452

At point (x,y), K. =

he (1417 )+ by, (1452 )= 2D b by
2144 +hj)m

Ky =

Because and

K; =K\K,,
K, =(K,+K,)/2, K, is computed

from K and K, and then OCR = L
1
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A fourth index, 3D femoral head
coverage, was also calculated for our
study but was not found to be useful in
improving the performance of our clas-
sifier and was not assessed further in
our study.

Reliability of Indexes

To assess index reliability, two sonog-
raphers performed two 3D US scans
of 60 hips in 60 patients. We invited
seven readers (two radiologists, three
medical and engineering postdoctoral
fellows, and two graduate students)
to trace acetabular contours on both
images as in Figure 2¢, twice on two
separate days. We then automati-
cally generated 3D acetabular surface
models and the three indexes above
from each tracing. We computed
root mean square error between the
generated 3D surfaces, and we com-
puted intraobserver, interobserver,
and interscan variability of the calcu-
lated indexes as intraclass correlation
coefficients.

Automatic Diagnosis

We performed simple logistic regres-
sion to predict clinical diagnosis (nor-
mal = 0, dysplastic = 1) from the 3D
indexes and basic demographics (age
and sex). The regression model output
was interpreted as a probability of hip
dysplasia from O to 1. We considered
regression outputs greater than 0.9 to
be dysplastic; 0.11-0.89, borderline;
and less than 0.1, normal. Statistics
were calculated with software (SPSS
22; SPSS, Chicago, IlI).

Surface model reliability expressed as
root mean square distance between
surfaces derived from pairs of tracings
by different readers was mean 0.27 mm
+ 0.22 (standard deviation). Intraclass
correlation coefficients (two-way mixed
effects, consistency, single rater/mea-
surement 3,1) for 3D« , 3Da, , and
OCR indexes averaged across all seven
observers were as follows, respectively:
at the same scan, intraobserver vari-
ability was 0.91, 0.87, and 0.73; inter-

observer variability was 0.89, 0.83, and

Mean Results for the Two-dimensional US Alpha Angle and Three-dimensional Indexes

Index Normal Result Borderline Result Dysplastic Result

2Da (°) 67.2 = 4.9 (67.0, 67.6) 60.5 = 5.9 (59.6, 61.5) 49.1 + 8.1 (47.6,49.7)
3Day,, () 61.1 = 8.4 (60.6, 61.5) 56.3 = 9.7 (54.6,57.9) 40.1 = 8.4(39.0,41.1)
3Da,, (°) 54.5 = 9.2 (53.9, 54.9) 48.9 = 11.2 (47.0,50.7) 25.8 + 8.4 (24.8,26.9)
OCR (mm) 10.8 = 2.7 (10.6, 10.9) 11.6 =26 (11.1,12) 15.4 = 2.5(15.0,15.7)

Note.—Data are mean + standard deviation; data in parentheses are 95% confidence intervals. OCR = osculating circle radius,
2Da = two-dimensional alpha angle, 3D« = posterior three-dimensional alpha angle, 3D, = anterior three-dimensional

alpha angle.

0.71; and on different scans obtained
the same day, interscan variability was
0.68, 0.62, and 0.50.

The clinical categories of dyspla-
sia (scores of 0, 1, and 2) were well
separated into distinct groups by the
2D US alpha angle and by each 3D
US index, with statistically significant
differences in mean values for each
index (Table 1) (P < .001). Case-
by-case frequency distributions shown
on pyramid graphs show optimal sepa-
ration of normal versus dysplastic hips
at a threshold of 60° for 2D US alpha
angle (Fig 6), 45° for 3Da, , and 39°
for 3D «,, (Fig 7).

The moderate correlation (r =
0.6570) between 3Da,  and 3D«,
angles implied that just over half of the
variation (r? = 0.43) in one index ac-
counted for variation in the other (ie,
these two indexes measured different
aspects of dysplasia) (Fig 8).

Receiver operating characteristic
curves were generated (Fig 9) for a diag-
nostic test by using 2D US or 3D US in-
dexes from the first scan to help detect
DDH that required treatment, com-
pared with clinical reference standard
diagnosis. The area under the receiver
operating characteristic curve was
slightly higher for the combination of
3Dq,, , and 3Da,  compared with the
2D alpha angle (0.994 and 0.987, re-
spectively). The highest area under the
receiver operating characteristic curve
was 0.996, achieved through inclusion
of the OCR (Fig 9).

Table 2 shows the confusion
matrix for the regression model that
classifies each hip from 3D indexes
versus clinical diagnosis categories.

Post”?

The 3D US model accurately catego-
rized 97.5% (235 of 241) and 99.4%
(1339 of 1347) of dysplastic and nor-
mal hips, respectively. No dysplastic
hips were categorized as normal and
no normal hips were categorized as
dysplastic. It also gave the correct
diagnosis directly at initial 3D US
scan in 69.3% (97 of 140) of the hips
that were borderline at initial 2D US
(requiring at least one follow-up 2D
US to establish a diagnosis). Three-
dimensional US resulted in 39 border-
line diagnoses compared with the 140
generated by 2D US, a reduction of
72.1%% (101 of 140).

The clinical implications of the use
of 3D US to categorize hips as normal,
borderline, or dysplastic are shown in
Figure 10. Figure 11 shows that nearly
all hips were confidently determined as
either normal or dysplastic by the 3D
US model.

In our large multicenter study of the
diagnostic utility of 3D US to quan-
tify and categorize infant hip dyspla-
sia, we found that performance of
automatically calculated 3D indexes
of acetabular shape (angularity and
roundness) was at least equivalent to
high-quality 2D US scans performed
at tertiary medical centers to diag-
nose DDH, and it reduced the number
of indeterminate borderline scans by
over two-thirds.

The specific 3D indexes used in
the classification algorithm were se-
lected after preliminary testing in
which acetabular coverage and the
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Figure 6: Case-by-case frequency distribution pyramid graphs for the two-dimensional alpha angle by diagnostic
category (normal, borderline, and dysplastic requiring treatment). Normal hips are best separated from dysplastic hips
at an angle of 60° (horizontal line).

acetabular contact angle were found
to be unhelpful. The acetabular con-
tact angle, another 3D index of ac-
etabular angularity, was previously
found to be highly accurate for diag-
nosis of DDH (18). In that study, the
acetabular contact angle was calcu-
lated on smooth, manually segmented
acetabular surface models. However,
the surfaces in our study were gen-
erated semiautomatically and were
more prone to minor irregularities,
which we found to affect acetabular
contact angle calculation. The indexes
we proposed are robust and well suit-
ed to use on irregular surfaces.
Reliability of 3D alpha angle in-
dexes was higher interobserver than
interscan, which was expected because
of reduction (but not elimination) of
the effect of varying the transducer
position. We did not focus on formally
comparing reliability of 2D US versus
3D US indexes in this study, but we

previously demonstrated 3D US indexes
to be more reliable than concurrently
obtained 2D US alpha angle (17). Just
as other 2D US indexes (such as the
beta angle) are less reliable than the
2D US alpha angle, the OCR was less
reliable than 3D alpha angles. Lower
reliability of OCR was likely because
of higher sensitivity of OCR to small
variations in acetabular curvature. Our
data validated that 3D acetabular sur-
face models and indexes automatically
calculated from them can be rapidly
and reliably generated from 3D US by
users with a wide variety of imaging ex-
perience. Users with minimal training
could generate indexes to predict DDH
from 3D US in approximately 1 minute
of processing time. Because the indexes
are generated from 3D data, they pro-
vide additional information regarding
the 3D shape of the acetabular surface
and are more reliable than the single-
plane image of 2D US.

The receiver operating character-
istic curves of the 3D indexes and 2D
alpha angle provide useful insight into
the diagnostic utility of these indexes.
Although all indexes were highly ef-
fective in diagnosis of hip dysplasia in
this dataset (Fig 9), the combination
of the 3D indexes produced an area
under the receiver operating charac-
teristic curve of 0.996 versus 0.987
for the 2D US alpha angle (ie, the
3D US indexes slightly outperformed
high quality 2D US) despite the fact
that DDH is a condition in which the
current definition relies heavily on
findings at 2D US. This difference,
however, did not meet statistical sig-
nificance (P = .0636). The area under
the receiver operating characteristic
curve is exceptionally high for all in-
dexes, likely because the scans were
performed in a rigorous research en-
vironment by experienced radiologists
in dedicated multidisciplinary clinics,
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Normal Borderline Dysplastic Figure 7: (a—c) Case-by-case frequency
distribution pyramid graphs for three-
100 + =100 dimensional (3D) (a) posterior and (b)
anterior alpha angles (Fig 7 continues).
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(c) Osculating circle radius (OCRY), in millimeters, by diagnostic category (normal, borderline,

and dysplastic requiring treatment). Normal hips are best separated from the dysplastic hips at an angle of 45° for the

three-dimensional (3D) alpha angle posterior (3Dc

representing an idealized situation. In
everyday clinical practice at centers
with less experienced providers, diag-
nostic accuracy would decline, as in a
recent study (17) where area under
the receiver operating characteristic
curve was 0.836 for the 2D US alpha
angle. Because of the ease of use of
3D US, accuracy may decline less for
3D US than for 2D US in the hands of
novice radiologists; this will be tested
in future studies.

The crucial borderline category,
in which hips initially indeterminate
for dysplasia at 2D US normalize at
follow-up examination, usually rep-
resents Graf Ila hips (alpha angle,
50-59°; age, <3 months). Hips in
this category eventually transition to
normal Graf I (alpha angle, >60°)
97% of the time (5). This category
is important because a high rate of

Post’

infants who require follow-up im-
aging limits cost effectiveness of
screening for DDH. In our study, the
initial 3D US was able to confidently
and correctly help define as normal
69.3% (97 of 140) of the hips found
to be borderline at the initial 2D US
(Fig 10). Thus, 3D US screening
could help to substantially save costs,
reduce the number of required fol-
low-up scans, ease parental anxiety
by eliminating the 6-week waiting
periods for follow-up scanning, and
prevent unnecessary treatment of pa-
tients whose hips might be placed in a
Pavlik harness as a precaution during
the follow-up period.

Our classification model on the
basis of 3D indexes misclassified six
dysplastic hips (category 2) as border-
line (category 1) (Table 2). However,
manual consensus inspection of these

a) and 39° for the 3D alpha angle anterior (3Dc, ., b).

Ant’

six hips revealed that all six could
have reasonably been categorized as
Graf Ila at initial 2D US; all were at
most mildly dysplastic. This highlights
the limitations of the current refer-
ence standard for clinical diagnosis of
DDH: the difference between Graf I
(normal) and Graf Ila (borderline) can
be a tiny subjective variation in alpha
angle measurement. Future use of 3D
US in longitudinal studies may provide
further insight into which acetabular
shapes are unlikely to normalize spon-
taneously over time, helping redefine
hip dysplasia in a more prognostically
useful way. Eventually 3D US analysis
might prevent overtreatment of mild
hip dysplasia.

The rate of Graf Ila (borderline)
classification in our study (8.1% [140
of 1728]), is lower than in most pub-
lished studies (10%-15% of hips)
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Figure 8:  Scatterplot shows the correlation between three-dimensional (3D) alpha angle posterior (3Dc,,,) and 3D

alpha angle anterior (3Dev,)

(25,26). The area under the receiver
operating characteristic curve is likely
because of the controlled environ-
ment of our study in tertiary centers
with experienced radiologist. The
magnitude of reduction in borderline
hips could potentially be even greater
if 3D US is extended to general clini-
cal practice.

We observed during our study that
the posterior and anterior acetabular
curvature at hip 3D US have differ-
ent meanings. The mean 3Da,  is
higher than the 3D,  in both normal
and dysplastic hips (Fig 7), with the
difference between these two angles
higher in dysplastic than normal hips.
In dysplastic hips the anterior acetab-
ulum became more flattened than the
relatively well-preserved posterior ac-
etabular lip, so that a smaller 3Da,
may be a better indicator of dysplasia
than its posterior counterpart. This
compares well with other work (27)
that demonstrates a primary anterior

for different categories (r = 0.6570; P < .0001).
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Figure 9: Receiver operating characteristic curve for two-dimensional (2D) alpha
angle (2Da) and 3D indexes. Note that the area under the curve obtained from
the combination of anterior 3D alpha angle (3D« ), posterior 3D alpha angle
(3Dapost)‘ and osculating circle radius (OCR) gave a marginally higher accuracy
than 2D alpha angle (but this difference is small and was not statistically signifi-
cant; P = .0636).
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Figure 10:  Portion of different categories on the
basis of the (a) clinical diagnosis and (b) prediction
from three-dimensional (3D) US indexes. In clinical
assessment of over 1700 hips, 8% were considered
borderline. At concurrent but blinded assessment, only
2% of these hips were categorized as borderline and
requiring follow-up at 3D US. If 3D US had been in
use for screening in this population, the number of
follow-up examinations required would have been
reduced substantially, reducing system costs. The 3D
US classification was also accurate relative to clinical
diagnosis, with no dysplastic hip classified as normal
(Table 2).

deficiency of acetabular coverage in
patients with DDH.

Regarding acetabular rounding,
we found that despite measurement
variability a larger OCR signified in-
creased acetabular rounding and
an increased risk of dysplasia. In
our study population, normal hips
could have a wide range of OCR
(ie, sharp or rounded curvature), but

Table 2

Confusion Matrix: Patients in Clinical Diagnostic Categories versus Predicted

Categories at Three-dimensional US

Predicted Categories

Clinical Diagnostic Categories Normal Borderline Dysplastic
Normal 1339 8 0
Borderline 97 25 18
Dysplastic 0 6 235

Note.—Data are number of patients.
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0.8l [ Dysplastic
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Figure 11:

Normalized histogram of probability values showing the occur-

rence of each diagnostic category versus probability of dysplasia (as computed
by the regression classifier). This histogram helps to understand the meaning
of the probability of dysplasia generated from the three-dimensional (3D) US
analysis package. The 3D US was decisive (ie, nearly all hips had a probability
of dysplasia near 0 or 1) and it was accurate (ie, a probability near 0 was never
associated with dysplasia by clinical reference standard and probability near 1

was never associated with a normal hip).

nearly all dysplastic hips had OCR of
10 or greater (rounded; Fig 7). Any
hip in our study with OCR less than 10
was normal regardless of the value of
the alpha angle; this rule may help as-
sess borderline hips. While the OCR
index is not itself diagnostic for hip
dysplasia, it may be a useful supple-
mentary index for DDH classification.

This study had limitations. First,
it was conducted by using thin-
section 3D US transducers that, al-
though readily available from vari-
ous manufacturers, are specialized

transducers not often found in clin-
ical US departments. We have not
yet tested whether surface models
generated from the more widely avail-
able lower-frequency 3D US trans-
ducers used in obstetrical imaging
(eg, 7 MHz) would be equivalent in
accuracy. However it has been shown
in earlier works (20) that the segmen-
tation algorithm was robust to mod-
erate levels of noise and the scale of
these variations would be less than
2 mm. Second, our assessment of ac-
curacy and reliability of 2D and 3D US
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in this study was on the basis of ex-
aminations performed by experienced
users at high-volume tertiary referral
centers. Two-dimensional US has an
inherent limitation: it relies on a 2D
plane to analyze complex 3D anatomy.
This leads to high interscan variabil-
ity (10). Interscan variability is rela-
tively small in 3D US, but still greater
than interreader intrascan variabil-
ity (21). Our study does not test the
so-called real-world performance
of 2D US wversus 3D US in
lower-volume or peripheral centers
with less experienced users. Diagnos-
tic accuracy (ie, area under the re-
ceiver operating characteristic curve)
would be expected to be lower in those
settings. A third limitation, intrinsic
to any evaluation of DDH, is the lack
of an external pathologic tissue refer-
ence standard. Diagnosis and treat-
ment decisions made by experienced
orthopedic surgeons are necessarily
subject to individual variability. Be-
cause of the reliance of the reference
standard clinical diagnosis of DDH on
the 2D US alpha angle, it is unsurpris-
ing that this index is associated with
DDH diagnosis. This element of cir-
cular reasoning is difficult to avoid in
a study of DDH diagnostic accuracy.
A multiyear follow-up assessment
for 3D acetabular shape with teen-
age patients, and for development of
premature osteoarthritis with young
adult patients, might eventually al-
low us to refine our definition of hip
dysplasia.  Three-dimensional  US
shows promising diagnostic utility
because it is equivalent or superior
to 2D US versus the existing refer-
ence standard, but further testing
against long-term clinical outcomes is
necessary to confirm its validity as a
diagnostic tool.
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Developmental Hip Dysplasia Diagnosis at Three-dimensional
US: A Multicenter Study
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Erratum in:
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DOI:10.1148/radiol.2018184016
In Figure 1, the number of dysplastic and borderline patients is
incorrect; these numbers should be 241 and 140, respectively,
as stated in the text of the Materials and Methods, not 239 and
142 as shown in the Figure.
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