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Abstract

Aims Early diagnosis of developmental dysplasia of the hip (DDH) using ultrasound (US) is safe, effective and inexpen-
sive, but requires high-quality scans. The effect of scan quality on diagnostic accuracy is not well understood, especially
as artificial intelligence (AI) begins to automate such diagnosis. In this paper, we developed a 10-point scoring system for
reporting DDH US scan quality, evaluated its inter-rater agreement and examined its effect on automated assessment by an
Al system—MEDO-Hip.

Methods Scoring was based on iliac wing straightness and angulation; visibility of labrum, os ischium and femoral head;
motion; and other artifacts. Four readers from novice to expert separately scored the quality of 107 scans with this 10-point
scale and with holistic grading on a scale of 1-5. MEDO-Hip interpreted the same scans, providing a diagnostic category
or identifying the scan as uninterpretable.

Results Inter-rater agreement for the 10-point scale was significantly higher than holistic scoring ICC 0.68 vs 0.93, p <0.05.
Inter-rater agreement on the categorisation of individual features, by Cohen’s kappa, was highest for os ischium (0.67 +0.06),
femoral head (0.65 +0.07) and iliac wing (0.49 +0.12) indices, and lower for the presence of labrum (0.21 +0.19). MEDO-
Hip interpreted all images of a quality >7 and flagged 13/107 as uninterpretable. These were low-quality images (3 +1.2
vs. 7+ 1.8 in others, p <0.05), with poor visualization of the os ischium and noticeable motion. Al accuracy in cases with
quality scores < =7 was 57% vs. 89% on other cases, p <0.01.

Conclusion This study validates that our scoring system reliably characterises scan quality, and identifies cases likely to be
misinterpreted by Al This could lead to more accurate use of Al in DDH diagnosis by flagging low-quality scans likely to
provide poor diagnosis up front.

Keywords Hip ultrasound - Scoring system - Interobserver study - 3D ultrasound - Artificial intelligence

Introduction

Developmental dysplasia of the hip (DDH) affects 1-3%
of infants [1]. Undiagnosed DDH is thought to account for
more than one-third of hip replacement surgeries in the < 60
age group [2]. The annual economic burden of the surgical
treatment of DDH in the United States alone is estimated to
be more than US$1 billion2. If diagnosed during infancy,
DDH can be treated with simple soft-bracing (using a Pav-
lik Harness). The success rate of Pavlik Harness treatment
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is very high (>90%) in infants under 7 weeks of age but
decreases thereafter [3]. Despite the obvious advantages of
early diagnosis [4, 5], universal screening for DDH at birth
is not recommended or performed in most countries, due in
part to the high variability in assessment [6].

Physical examinations for DDH via Barlow and Orto-
lani maneuvers have poor sensitivity beyond the neonatal
period and miss cases of mild DDH [7-9]. Ultrasound is
more sensitive to mild DDH, harmless and portable, thus
being ideally suited to hip examination in infants for DDH
diagnosis and treatment [10]. Currently, two-dimensional
ultrasound (2DUS) is used for DDH diagnosis [11]. Scans
are assessed based on Graf criteria, which measure the
angle between the ilium and the acetabular roof (called
the Alpha angle), as shown in Fig. 1. Alpha angles > 60°
are considered normal and <43° are considered severely
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Fig. 1 Coronal Graf plane ultrasound scan of the hip with anatomical
landmarks including the iliac roof, labrum, acetabulum, femoral head
and os ischium. The alpha angle is measured as the angle between the
iliac roof and the acetabulum as shown by the dashed line

dysplastic [12]. A fundamental limitation of this technique
is that it requires an ultrasound scan in the Graf Stand-
ard Plane with all necessary landmarks, such as the ilium,
acetabular roof, labrum and femoral head. Acquiring such
high-quality scans requires long hours of expert training
and experience. Consequently, scans acquired by novice
sonographers are often inadequate, and could result in an
incorrect diagnosis. An earlier study on infants and neo-
nates suspected to have DDH showed that slight varia-
tions in probe position could result in incorrect diagnosis
in~50% of infants and ~ 67% of neonates [13].
Compared to 2DUS, 3D ultrasound is more reliable
[14], as it visualises a larger anatomical area, which can
account for possible variations in probe position. Earlier
research has shown that using 3DUS, novice sonogra-
phers with minimal training are able to produce images
of diagnostic accuracy equivalent to those produced by
experts [15]. Semi-automatic interpretation of 3DUS
scans reduces the proportion of incomplete scans and
resultant need for follow-up by one-third [16]. Various
semi-automated [17-19] and fully automated approaches
[18, 20-22] have also been proposed for DDH assessment
using 3DUS. However, these techniques require 3DUS vol-
umes of adequate quality. Similar to 2DUS, whether scan
quality is adequate in 3DUS is also assessed subjectively
by the sonographer at the time of scanning. Recently, auto-
matic deep-learning-based techniques for assessment of
scan adequacy have also been evaluated on small data sets
(N =25 patients) [23]. Such end-to-end techniques can be
effective, but lack explainability. Regardless of whether
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ultrasound scans are assessed by human experts or Al,
there is a need for objective measures of scan quality.

In this paper, we devise a 10-point scoring system for
assessing scan quality based on US landmarks and charac-
teristics of the US volume. We evaluate the new system in
terms of accuracy and inter-observer variability. To assess
clinical relevance, we test to what extent scan quality scored
by this system predicts the accuracy of an automated Al
system (MEDO-Hip).

Methods
Ultrasound scanning

In this scoring exercise, we used a random subset of images
previously obtained as part of an institutional health research
ethics board approved study. For each subject, we obtained
written informed parental consent to perform 3DUS as part
of the hip examination. Inclusion criteria were clinical sus-
picion of DDH (due to risk factors such as hip laxity, asym-
metrical skin creases, breech position, female sex, first-born
infants and ethnicity). Since DDH can be unilateral or bilat-
eral, we included each hip separately, and in cases of normal
hips, we only included one hip per subject in the study.

We performed coronal Graf standard plane 2DUS in both
hips using a 12 MHz transducer (L12-5; Philips Healthcare,
Andover, MA), as per American College of Radiology rec-
ommendations [24]. Along with conventional 2D, we also
acquired high-resolution coronal 3DUSusing a 13-MHz 3D
linear array transducer (13VLS5; Philips Healthcare, Ando-
ver, MA).

During the scan, the 3DUS probe was positioned with the
head resting near the greater trochanter of the infant. The
sonographer aligned the probe such that the central slice of
the 3D ultrasound volume approximated the Graf standard
plane. We performed a 3.2-s automated sweep through +15°,
generating 256 slices, each of which was 0.13 mm thick and
contained 411 X 192 pixels measuring 0.11 % 0.20 mm.

The age of infants taking part in this study ranged
26-183 days (68% female). Hips were classified as normal
or abnormal based on the orthopedic surgeon’s expert opin-
ion. The ‘abnormal’ category included hips which required
treatment for DDH, as well as those which were initially
questionably abnormal (e.g., Graf type Ila) but normalised
on follow-up without treatment.

Scan quality scoring system

A 10-point scoring was defined based on six imaging fea-
tures closely linked to Graf analysis: the presence of labrum,;
os ischium; midportion of the femoral head; straightness
of iliac wing, motion artifacts and other artifacts. Scores
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and representative examples for each of the features are
summarized in Table 1. The alpha angle measurement is
intended to be made on slices that contain flat and horizontal
ilium, as shown in Table 1 (R1C4). Images captured with an
ilium that is not flat and horizontal (Table 1, R1C2, R2C2,
R3C2), could result in incorrect measurement. Similarly,
the os ischium is clearly visible only in high-quality images
(Table 1, R1C4 and R3C4). Movement and imaging artifacts
are generally not limited to individual slices, and can be seen
in the videos provided as supplementary material.

Hip-scoring exercise

We used 107 images (consisting of 59 normal and 48 abnor-
mal hips) to evaluate the new scoring system. In addition
to the 10-point scoring system, we also compared agree-
ment with holistic grading of scan quality on a scale of 1-5.
All images were scored by four readers (B.C, a radiology
resident with 2 years’ experience in hip ultrasound; E.O,
a graduate student in radiology with 2 years’ experience,
and A.H, a research associate with 6 years’ experience); and
an expert—1J.J, lead radiologist, with fellowship training in
pediatric and musculoskeletal radiology and 17 years’ expe-
rience. Readers B.C. and A.H. also scored holistic grading
assessments. All images were scored in random order using
the Dataturks Labeling Software (www.dataturks.com)
hosted on-premise (refer Fig. 2), with readers blinded to
each other’s assessments.

Assessment of images using MEDO-Hip Al system

Each image was then automatically interpreted using an
FDA-approved Al system, MEDO-Hip, which calculated
the alpha angle and coverage for all slices. MEDO-Hip
uses deep learning to segment the acetabulum, iliac wing
and femoral head, and to determine the slice most suitable
for diagnosis. An example of measurements overlaid on
the most suitable slice is shown in Fig. 3. An expert (JJ)
reviewed each MEDO measurement and rated it as accept-
able or requiring adjustment (Fig. 3). Clinical diagnosis at
the time of scan (0=normal, 1 =borderline requiring follow-
up [e.g. Graf lia], 2 =dysplastic requiring treatment) was
obtained from chart review. We correlated the performance
of MEDO-Hip (vs. gold-standard index measurements and
clinical diagnosis) against the quality scores obtained from
the new scoring system.

Statistics

The descriptive statistics reported are: (1) ICC (3,k)
for agreement between users in assessing the overall
score, assuming a continuous grading system; and (2)
Cohen’s kappa, for determining the accuracy of binary

classification as highest quality vs. not highest quality for
the categorical scores of each image feature. We tested
the significance of differences in ICC or kappa by detect-
ing non-overlapping 95% two-tailed confidence intervals,
and the significance of difference in proportions by chi-
squared test.

As a potential confounding variable, we separately ana-
lysed sub-groups based on clinical diagnosis (normal, bor-
derline or dysplastic). We also used Bland—Altman plots
to compare expert assessments to the scores of each of the
readers. All calculations were performed using a Python
script (Python Version 3.6) developed in-house.

Results

Image quality assessment (holistic and 10-point
scoring)

Our data consisted of 58 images of normal hips, 38 bor-
derline (e.g. Graf Ila) and 11 dysplastic. All readers were
blinded to clinical diagnosis while scoring the images.
Holistic scoring of overall image quality from O to 5, with
a view toward potential diagnostic utility, resulted in an
inter-rater ICC of 0.68 (Table 2).

Next, three readers scored the same images using the
proposed 10-point scoring system. This gave a higher ICC
than holistic scoring in all categories (ICC 0.93 vs 0.68
overall, 0.94 vs 0.72 normal and 0.89 vs 0.65 abnormal;
Table 2).

Agreement between readers in assessing each image fea-
ture was analysed using Cohen’s kappa (Table 3). Kappa
values were calculated for each reader vs. expert for each
image feature. Agreement between non-expert readers and
the expert was high (Kappa>0.4) in the assessment of
the os ischium, the straightness of the iliac wing and the
midportion of the femoral head. Agreement was moderate
(Kappa > 0.20) for the presence of labrum and other imaging
artifacts, features which were rarely absent. Agreement was
low for scoring of motion artifacts.

We compared each reader’s score against expert scores.
Bland—Altman plots comparing the mean score of expert and
non-expert readers and the difference in scores are shown
in Fig. 4. The scores of readers correlated well with those
of the expert.

The new scoring system also clearly differentiated
between images of various categories. Examples of images
scored as poor (score =2/10), moderate (score=6/10) and
excellent (score=10/10) are shown in Fig. 5. The scoring
system clearly differentiated Fig. 5a and b, which were both
graded at image quality 2 (out of 5) by readers in subjective
scoring.
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Table 1 Definitions of Scoring system for hip ultrasound images based on six features—ilium (0-2),labrum(0-1), os ischium(0-2), femoral
head(0-1), motion artifact (0-2) and other imaging artifacts (such as limited penetration or excessive image noise) (0-2)

Tilac Wing

Straight and Horizontal 2

Labrum

Visible 1

Os ischium

Not Visible 0

Faintly Visible 1

Clearly Visible 2

Femoral head

Not Visible 0

“Movement and imaging artifacts are not limited to individual slices and can be seen in the videos provided as supplementary material
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Fig.2 Graphical user interface ¢ > 0« ‘ v Bo0evm@*nPr @
(GUI) used for the reading exer-
cise. Using the feature-based
scoring system the user answers
simpler and more specific
questions on each aspect of

the image. For example, in this
image the user marked a straight
ilium, os ischium faintly visible
and minor motion artifacts
(these can be seen in the video
attached as supplementary
material)

Fig.3 MEDO-Hip used Arti-
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Table2 Agreement between

‘ P Scoring technique ICC [95% CI] (holistic) ICC [95% CI]
users in terms of ICC (10-point scor-
ing)
All subjects (n=107) 0.68 [0.64-0.72] 0.93 [0.91-0.96]
Subgroup normal (n=59) 0.72 [0.68-0.73] 0.94 [0.89-0.96]
Subgroup abnormal (n=48) 0.65 [0.60-0.68] 0.89 [0.87-0.94]

Note that the agreement was significantly higher when the readers used the scoring system in all categories

Table 3 Agreement between

readers of DDH image features Image feature Kappa (mean =+ SD) Feature prevalence

quantified using Cohen’s Kappa 0 1 2
Tium 0.49+0.12 16% (17/107) 21% (22/107) 63% (68/107)
Labrum 0.21+0.19 6% (6/107) 94% (101/107) -
Os ischium 0.67+0.06 21% (22/107) 28% (30/107) 51% (55/107)
Femoral head 0.65+0.07 4% (4/107) 96% (103/107) -
Motion artifacts 0.13+0.14 3% (3/107) 42% (45/107) 55% (59/107)
Other imaging artifacts 0.20+0.06 7% (7/107) 36% (39/107) 57% (61/107)

The corresponding positive prevalence of each feature is also reported
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Fig.4 Bland Altman plots of each reader vs ground-truth. a The ground truth vs difference for each reader. Note that there was no sys-
median score of readers and ground truth vs the difference between tematic error trend in any of the plots
the median score and ground truth. Similarly, b, ¢, d shows the
Fig.5 Examples of hip scans of varying image quality. a A poor straight but not horizontal, femoral head is adequately visualized, and
quality scan (score=2) in which the iliac roof is not straight, femo- os ischium is faint. ¢ Excellent quality scan (score = 10) with horizon-

ral head is not clearly visible, the scan also does not contain the os tal ilium, clear femoral head, os ischium and labrum
ischium. b Moderate quality scan (score=6) in which the ilium is
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Diagnostic assessment

All images, regardless of quality, were analysed using a
commercial FDA-approved Al diagnostic system (MEDO-
Hip) to automatically measure alpha angle and coverage and
predict the probability of hip dysplasia. When this Al system
cannot identify anatomy reliably, it generates an output of
‘uninterpretable’. Out of 107 images, 13 were uninterpret-
able by the Al system. The median value of quality scoring
by our readers on the 10-point scale for each image was
compared to Al interpretability. All images missed by the Al
system had median quality scores of less than 8/10 (Fig. 6).
The median quality score was significantly lower for the 13
cases uninterpretable by Al (score 3+ 1.2) than for the 94
cases for which Al was able to identify the anatomy (quality
score 7+ 1.8, p<0.05).

We also analysed the scores provided by the expert for
specific image features in the images that were uninter-
pretable by AI. All images that were uninterpretable had
inadequate visualisation of the os ischium (not visible in
77% and faintly visible in 23%) and presence of motion arti-
facts (major distortions 77% and minor distortions in 23%)
(Table 4).

The measurements made by Al on each image it could
interpret were categorised as acceptable or not acceptable/
requiring adjustment by an expert (JJ). The proportion of
acceptable Al measurements was significantly higher in
images with a median quality score of 8/10 or higher (89%)
than in images with a quality of 7/10 or less (57%, p <0.01).
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Fig.6 Median quality scores from 4 readers on all images, and
MEDO-Hip interpretability. Note that above a threshold of 7 the Al
system was able to analyze all images

Table 4 Scores assigned by the expert for images that were uninter-
pretable

Feature scores

0 1 2
Tlium 24% 38% 38%
Os ischium 77% 23% 0%
Labrum 7% 93% -
Femoral head 0% 100% -
Motion artifacts 23% 77% 0%
Other artifacts 7% 39% 54%

Note that motion artifacts were present in all the images (77% minor
and 23% major)

Discussion

Diagnosis of hip dysplasia from ultrasound images depends
on image quality, and automated Al analysis of these images
may be more dependent on high-quality images than that of
human experts. In this study, we proposed and evaluated a
new scoring system to systematically assess the image qual-
ity of hip ultrasound scans, and used this to demonstrate the
effect scan quality has on the functioning of a commercial Al
system for hip dysplasia diagnosis. We showed that system-
atic quality scoring is significantly more reliable than holis-
tic scoring, and that quality scores < =7/10 are associated
with significantly higher risk that AI will either be unable to
interpret the images or will produce unexpected results that
require expert human adjustment.

Using our image quality scoring system, the reader pro-
vides a score based on 6 features. Four of these are based
on the visibility of landmarks (ilium, labrum, femoral head,
os ischium) necessary for Graf assessment. Acquiring an
image with straight and horizontal ilium is crucial for accu-
rate alpha angle measurement, so we gave this a high weight
of 2 points. Graf criteria also recommend performing meas-
urement at the deepest part of the joint, where the diameter
of the femoral head is highest and the os ischium is clearly
visible, so this was also weighted at 2 points. Visibility of
the labrum is important for measuring the beta angle, which
is used in some centres. Similarly, complete visualisation of
the femoral head is important for measurement of acetabular
coverage, which is commonly used in clinical practice.

In our study, more than 95% of images had clearly vis-
ible labrum and femoral heads. This was expected, since
scanning was performed in a rigorous research environment
by experienced sonographers in dedicated sessions, repre-
senting an idealised situation. However, in routine clinical
practice at scanning centres with less experienced sonog-
raphers, we would expect to see more examples of inad-
equate images in which the labrum and femoral head were
not clearly visible.

@ Springer



152

Journal of Ultrasound (2022) 25:145-153

We included two features that related to the presence
of imaging artifacts, since these are commonly seen in
3DUS and handheld sweeps. Artifacts could either be due
to movement by the infant, accidental hand movement or
imaging artifacts intrinsic to ultrasound (such as shadow-
ing, reverberation or mirror artifacts).

This study was performed on 3DUS, in which a stack
of slices are obtained at a consistent spacing governed
by the mechanical movement of a transducer. The same
quality-scoring system can be applied to 2DUS sweeps,
short videos taken as a sonographer manually ‘sweeps’
across the hip, which might have more prominent motion
artifacts. The scoring system can also apply to conven-
tional single 2DUS images, with the motion artifact score
generally expected to be 0.

Agreement

The overall agreement of readers was significantly and
substantially higher for the new scoring system than for
holistic scoring of images. This is likely because unlike
holistic scoring, the new scoring system asks the user for
a set of simpler (mostly binary) decisions. Non-expert
readers also showed high agreement in assigning an over-
all score per scan (ICC =0.93). Agreement between read-
ers ranged between moderate (for labrum) to high (for
ilium, os ischium and femoral head) for categorisation
of anatomical landmarks. The relatively lower agree-
ment for labrum scores was likely because this structure
is more difficult to visually identify than bony edges.
This is a well-known problem that also likely accounts
for the high inter-observer variability of the beta angle,
which is measured based on the position of the labrum
[25]. Low agreement may also be due in part to the high
prevalence (>90%) of visible labrum; there was disagree-
ment on which cases did not show a labrum. Agreement
was low for scoring of motion artifacts and moderate for
other image artifacts. This is likely because these scores
were more subjective (‘minor’ vs. ‘major’) than the other
features. There would be room for improvement by devel-
oping more specific definitions of the amount of each
artifact to score as a 1 or 2.

Non-expert and expert readers showed close agreement
on quality scores without bias on Bland—Altman plots. We
noted a nonsignificant trend toward poorer agreement on
quality scores in abnormal hips (dysplastic and border-
line). This is not surprising, as dysplastic hips can have
various shapes that are difficult for readers to interpret.
For example, the iliac roof in dysplastic hips is generally
rounded, which could result in challenges in identifying
whether a scan has a flat and horizontal iliac roof.

@ Springer

Impact of scan quality on Al systems

Several approaches [17-22] have been proposed for auto-
matic interpretation of hip ultrasound. These packages are
designed to function best with high-quality images. We gave
one such system—the FDA-approved MEDO-Hip—a dif-
ficult test of performance by supplying it with our set of
images of deliberately widely varying quality. As shown
in Fig. 6, 100% of images with quality >7/10 and 95% of
images scored > 5/10 were successfully analysed. The accu-
racy of the Al system correlated with scan quality scores,
as significantly larger proportions of high-quality images
(89% vs 57% in lower quality images) gave acceptable Al
interpretations, and all 13 images that MEDO-Hip was una-
ble to interpret had quality scores < =7/10. Specifically, all
images that were uninterpretable had poor visibility of the
os ischium and significant motion artifacts.

This highlights that an Al system for image analysis is, as
one would expect of any human expert, less accurate when
analyzing lower-quality images. Our quality-scoring system
could potentially be used as a preprocessing step. An initial
assessment of quality could be performed up front and any
low-quality scan flagged to be repeated prior to present-
ing the images to the diagnostic Al system, which would
improve the overall clinical utility and acceptance.

A key advantage of our quality-scoring system is that it
explains why the image is uninterpretable and gives feed-
back to the sonographer as to how to improve it. An Al
network could be used to calculate the quality score, poten-
tially even in real time, providing clear feedback to the user
as to exactly what needs to be improved for the images to
be of adequate quality. Whether calculated by Al automati-
cally or scored manually, this new scoring system can be
used by sonographers at the time of scanning or as part of
interpretation.

A limitation of our scoring system is that the individual
features used are still rated subjectively. However, these
are based on simple and clearly identifiable features, which
gave high accuracy and agreement between readers. One
approach to completely eliminate inter-observer variation in
scoring would be to develop computational techniques like
machine learning to estimate each of the individual features.
More extensive studies on larger datasets are planned as a
follow-up to this pilot study. Data from these studies will be
used to develop techniques to fully automate the scoring.

Conclusion

We proposed a new scoring system for assessing the quality
of ultrasound hip scans, showing that the new scoring sys-
tem is reliable for users of varying experience and produces
a useful threshold: scans with quality scores of 7/10 or less
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significantly increase the risk of inaccurate or incomplete
diagnostic image interpretation by an Al system.

Our quality-scoring system can be used as an aid for a
sonographer and radiologist in assessing scan adequacy and
improving sonographer training, and as a preprocessing step
in Al systems for hip ultrasound diagnosis.
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