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A B S T R A C T

Objective: To determine the reliability and agreement of manual and automated morphological measurements, and
agreement in morphological diagnoses.
Methods: Thirty pelvic radiographs were randomly selected from the World COACH consortium. Manual and
automated measurements of acetabular depth-width ratio (ADR), modified acetabular index (mAI), alpha angle
(AA), Wiberg center edge angle (WCEA), lateral center edge angle (LCEA), extrusion index (EI), neck-shaft angle
(NSA), and triangular index ratio (TIR) were performed. Bland-Altman plots and intraclass correlation coefficients
(ICCs) were used to test reliability. Agreement in diagnosing acetabular dysplasia, pincer and cam morphology by
manual and automated measurements was assessed using percentage agreement. Visualizations of all measure-
ments were scored by a radiologist.
Results: The Bland-Altman plots showed no to small mean differences between automated and manual mea-
surements for all measurements except for ADR. Intraobserver ICCs of manual measurements ranged from 0.26
(95%-CI 0–0.57) for TIR to 0.95 (95%-CI 0.87–0.98) for LCEA. Interobserver ICCs of manual measurements
ranged from 0.43 (95%-CI 0.10–0.68) for AA to 0.95 (95%-CI 0.86–0.98) for LCEA. Intermethod ICCs ranged from
0.46 (95%-CI 0.12–0.70) for AA to 0.89 (95%-CI 0.78–0.94) for LCEA. Radiographic diagnostic agreement ranged
from 47% to 100% for the manual observers and 63%–96% for the automated method as assessed by the
radiologist.
Conclusion: The automated algorithm performed equally well compared to manual measurement by trained ob-
servers, attesting to its reliability and efficiency in rapidly computing morphological measurements. This vali-
dated method can aid clinical practice and accelerate hip osteoarthritis research.
Riedstra).

evier Ltd on behalf of Osteoarthritis Research Society International (OARSI). This is an open access article under
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Fig. 1. Flowchart of the radiograph selection.
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1. Introduction

There is evidence that hip morphology is a leading contributing factor
to the development of hip osteoarthritis (OA) [1]. Furthermore, studies
have shown that specific hip morphologies, such as acetabular dysplasia
(undercoverage of the femoral head by the acetabulum), pincer
morphology (excessive coverage of the femoral head by the acetabulum)
and cam morphology (aspherical femoral head) are associated with
radiographic hip OA [1–6].

In order to quantify hip morphology, morphological measurements
can be performed on pelvic anteroposterior (AP) radiographs, which are
inexpensive and routinely obtained in clinical practice. Manual
morphological measurements, however, are time-consuming and can be
unreliable when performed by different observers [7]. Additionally, a
lack of consistency exists in the current definitions for some morpho-
logical measurements [8].

Automated morphological measurements could enhance reproduc-
ibility while facilitating rapid assessment of multiple measurements per
radiograph. Automation, therefore, has the potential to aid clinical
practice and allows for the quantification of hip morphology in large
cohort studies. There are currently few open-access, publicly available
algorithms, and those that are available are sometimes poorly described
[9–11].

We aim to study the reliability and agreement of manual and our in-
house developed, open-access, automated morphological hip measure-
ments through quantitative and qualitative assessment of both methods.
This ensures that results from future studies where this automated
method is applied are clinically relevant. The secondary aimwas to assess
the agreement in making radiographic morphological diagnoses based on
manual and automated measurements.

2. Methods

2.1. Participants

The Worldwide Collaboration of OsteoArthritis prediCtion of the Hip
(World COACH) consortium is a global collaboration of all prospective
cohort studies with available sequential pelvic or hip imaging. The
included cohorts are Cohort Hip and Cohort Knee, the Multi-center
OSteoarthritis sTudy, the OsteoArthritis Initiative, the Rotterdam
Study-I, the Rotterdam Study-II, the Rotterdam Study-III, the Chingford
Study, the Johnston County Project, the Study of Osteoporotic Fractures,
and the Tasmanian Older Adults Cohort. The World COACH consortium
currently counts 37,732 participants aged 42–100 (mean 65.72 years) at
baseline, and 71.33 % are female individuals. The consortium profile and
protocol have previously been published in detail [12]. From the con-
sortium, 30 baseline radiographs were selected proportionate to the
cohort size in the consortium for qualitative and quantitative assessment
of the manual and automated morphological measurements. A power
analysis was performed assuming type I errors of 0.05, type II errors of
0.20, two replications, a minimally acceptable level of reliability of 0.75
and an expected level of reliability between 0.8 and 0.9, a minimum of 27
inclusions was needed. Therefore, we selected a total of 30 random ra-
diographs for inclusion [13]. A flowchart of the radiograph selection is
shown in Fig. 1. The baseline characteristics were: 18 females (60%), the
mean age was 62.5 � 8.6 years (range 47–78), and the mean BMI was
26.5 � 3.9 kg/m2. All included hips had no definite RHOA as defined by
Kellgren and Lawrence classification, modified Croft classification or
modified OA score of 0 or 1.

2.2. Radiographs

The AP pelvic radiographs were obtained according to a protocol
previously decided on by each cohort, and details on cohort-specific
radiographic protocols can be found in the World COACH description
paper [12]. Seven cohorts (CHECK, MOST, OAI, RS-I, RS-II, RS-III,
2

TASOAC) contained weight-bearing AP pelvic radiographs. In contrast,
three cohorts (the Chingford Study, JoCo, and SOF) contained supine AP
pelvic radiographs.
2.3. Hip morphology and morphological measurements

Morphological measures used in this manuscript to determine
acetabular dysplasia include the acetabular depth-width ratio (ADR), the
modified acetabular index (mAI), the Wiberg center edge angle (WCEA),
and the extrusion index (EI) [14–16]. The lateral center edge (LCEA)
angle determined pincer morphology [17–19]. Cam morphology was
defined by the alpha angle (AA) and the triangular index ratio (TIR) [4,
20,21]. The neck-shaft angle (NSA) is used to determine coxa valga and
vara [22] All measurements are shown in Fig. 2 and are explained in
detail elsewhere [23]; a brief overview, including radiological thresholds
for radiographic diagnosis, is provided below.

2.3.1. Acetabular depth-width ratio
The acetabular depth-width ratio (ADR) quantifies the depth of the

acetabulum. The acetabular width was defined by a line from the lateral
bony edge of the acetabulum to the pelvic teardrop to measure the
acetabular opening. Next, the acetabular depth was defined by a line
perpendicular to the acetabular width, extending from the most medial
point of the sourcil (Fig. 2B). The ADR is the depth ratio to the width
multiplied by 1000. Acetabular dysplasia is diagnosed by an ADR �250
[24].

2.3.2. Modified Acetabular Index
The mAI measures the acetabular roof's inclination. The original

acetabular index is applied to hips with an open triradiate cartilage; a
modified version was created to obtain this measurement in adults. The
mAI measures the angle between the line from the medial sourcil to the
lateral bony edge of the acetabulum and the horizontal reference line of
the pelvis (Fig. 2C). Acetabular dysplasia is defined by mAI �13�,
acetabular overcoverage is defined by mAI �3� [24,25].

2.3.3. Wiberg Center Edge Angle
The degrees of weight-bearing coverage of the femoral head by the

acetabulum is measured by the WCEA [24]. The WCEA is formed by a
vertical line through the center of the femoral head, perpendicular to the
horizontal reference line of the pelvis, and a second line from the center
of the femoral head to the most lateral weight-bearing part of the sourcil
(Fig. 2E). Although the threshold has been debated, acetabular dysplasia
is generally defined by aWCEA�25� in prospective studies [1,19,26,27].
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2.3.4. Lateral Center Edge Angle
The degrees of bony coverage of the femoral head by the acetabulum is

measuredbytheLCEA[1,4,28].TheLCEAisformedbyaverticallinethrough
thecenterofthefemoralhead,perpendiculartothehorizontalreferenceline
ofthepelvis,andasecondlinefromthecenterofthefemoralheadtothemost
lateralbonypartoftheacetabulum(Fig.2F).Pincermorphologyisgenerally
definedby an LCEA�40� in prospective studies [1,17].

2.3.5. Extrusion Index
The EI quantifies bony femoral head coverage by the acetabulum. The

EI is obtained by dividing the horizontal distance of the lateral uncovered
femoral head by the total width of the femoral head and multiplying that
by 100 to express it as a percentage (Fig. 2G). Acetabular dysplasia is
defined by an EI � 25% [25].
Fig. 2. Definition of morphological measurements. A: Overview of the landmarks. B:
(line A) measured from the most medial point of the acetabular sourcil to line B, and
acetabulum to the most caudal point of the teardrop, ADR ¼ A/B*1000. C: The mAI –
between the most lateral bony edge of the acetabulum and the most medial point of t
neck axis (line 1) and line 2 connecting the femoral head center and alpha point (AP),
around the femoral head. E: The WCEA – The angle between line 1, a vertical line th
the most lateral point of the acetabular sourcil and the femoral head center. F: The L
perpendicular to the HRLP, and line 2 connecting the most lateral bony edge of the ace
is the distance between the most lateral point of the femoral head and the most late
bony point of the acetabulum and the most medial point of the femoral head. H: The N
axis of the femoral shaft (line 2). I: The TIR – The ratio between the radius of the b
femoral head center and point S on the femoral head-neck junction at 0.5r along th
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2.3.6. Alpha Angle
The AA is the most commonly used measurement to define cam

morphology and quantify the sphericity of the femoral head-neck junc-
tion. The AA is constructed by two lines, one from the femoral head center
through themiddle of the femoral neck, the femoral head-neck axis, and a
second line from the center of the femoral head through the point where
the contour of the femoral head-neck junction extends from the bestfitting
circle around the femoral head (Fig. 2D) [29]. An AA � 60� threshold is
commonly used in literature to define cam morphology [20].

2.3.7. Triangular Index Ratio
The TIR measures femoral asphericity and defines cam morphology.

Compared to the AA, the TIR is measured at a specific point on the
femoral head-neck junction. It is the ratio between the radius of the
Acetabular depth-width ratio (ADR) – the ratio between the acetabular depth
the acetabular width (line B) measured from the most lateral bony edge of the
The angle between the horizontal reference line of the pelvis (line 1) and the line
he acetabular sourcil (line 2). D: The AA – the angle between the femoral head-
where the contour of the femoral head-neck junction leaves the best-fitting circle
rough the femoral head center perpendicular to the HRLP, and line 2 connecting
CEA – The angle between line 1, a vertical line through the femoral head center
tabulum and the femoral head center. G: the EI –EI ¼ A/(Aþ B)*100%, where A
ral bony edge of the acetabulum, and B is the distance between the most lateral
SA – the angle between the femoral head-neck axis (line 1) and the longitudinal
est-fitting circle around the femoral head (line 1) and the distance between the
e femoral head-neck axis (line 2).
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best-fitting circle around the femoral head and the distance between the
femoral head center and the femoral head-neck junction at 0.5r along the
head-neck axis (Fig. 2I). When, for instance, the resultant distance at 0.5r
along the axis of the femoral neck at the head-neck junction exceeds the
radius of the femoral head, this indicates that, the femoral head is
aspherical, possibly indicating the presence of cam morphology [21].

2.3.8. Neck-shaft Angle
The NSA is the angle between the longitudinal axis of the femoral

shaft and the femoral head-neck axis (Fig. 2H). It has been hypothesized
that hips with a more varus neck orientation experience increased sub-
chondral bone stress and, therefore, increased risk of degeneration in
individuals with cammorphology [30]. Conversely, a relative increase in
femoral neck shaft angle combined with acetabular undercoverage also
leads to RHOA [30]. Coxa valga is generally defined by NSA> 140�, and
coxa vara by NSA< 120� [31].

2.4. Automated morphological measurements

The bony outline of the proximal femur and acetabulum were anno-
tated automatically on all AP pelvic radiographs with a landmarks
(Fig. 2A) (BoneFinder® software (www.bone-finder.com; The University
of Manchester, UK) [32]. The protocol for the 80 landmarks used in this
automated hip shape annotation can be found in supplementary material
1. The landmarks were used to automatically derive the hip morphology
measurements using in-house-built Python-based software [23]. This
software is a pipeline to automatically determine radiographic mea-
surements based on radiographic landmarks. The radiographic mea-
surements are performed in accordance to the definitions provided in this
manuscript [23]. To assess the impact of automated landmark placement
on the morphological measurements, a second set of landmarks was
created on the same set of radiographs where all landmarks were
manually assessed and adjusted, if necessary, after which the morpho-
logical measurements were derived again.

2.5. Manual morphological measurements

Two researchers (JT and NSR) were trained in performing manual
assessment of all previously described morphological measurements. A
random set of 50 radiographs from the World COACH consortium was
used to train the researchers. Radiographs were selected at random from
the consortium such that the number of radiographs chosen from each
cohort was proportional to the total number of radiographs available in
that cohort. After all measurements were performed on all 50 radiographs
by both researchers, measurements were compared under supervision of
an experienced orthopedic surgeon (RA), and inconsistencies were dis-
cussed. This was repeated 3 times with the same radiographs until both
researchers were proficient in performing measurements. Next, the two
trained researchers (JT and NSR) performed on the 30 randomly selected
radiographs from the World COACH consortium, with the same propor-
tionality as previously mentioned. Information on whether the hips had
morphological variations, hip OA, or clinical symptoms was blinded to all
researchers. The measurements were repeated on the same radiographs
approximately four weeks later. The radiographs were presented to the
readers in a different random order each time. Measurements were per-
formed using the DICOM viewer (Synedra View, Version 21.0.0, Synedra
Information Technologies). All radiographs were presented in a blinded
fashion and random order to the observers. The mean of the individual
observers' first and second round of measurements was used for interob-
server analyses. The mean of all four manual measurements was used as
the reference standard to which the automated method was compared.

2.6. Agreement

The agreement within the two rounds of manual measurements for
each observer and between observers, and between methods with regard
4

to radiographic diagnoses solely based on morphological measurements
of acetabular dysplasia, pincer and cam morphology, and coxa vara and
valga was tested.
2.7. Qualitative assessment of morphological measurements

A musculoskeletal radiologist (DFH) visually inspected the second
round of manual morphological measurements and the automated
measurements based on the unadjusted landmarks and qualitatively
rated the measurements as acceptable or unacceptable. “Acceptable”
is if the radiologist would measure the same morphological mea-
surements based on the landmark points. “Unacceptable” is if the
radiologist would perform the measurements differently. This was
done in order to ensure the automated measurements were correct
from a clinical perspective of an MSK radiologist. In order to blind the
radiologist to which method was used, Printscreens of the manual and
automated measurements were visually presented in a way which
made it impossible to distinguish between methods and in a random
order. Printscreens were used because automated measurements were
obtained in Python and manual measurements in Synedra Viewer,
which would distinguish between methods. Additionally, this ensured
that our reference standard of manual measurements were also
approved by the MSK radiologist. An example of the ADR is shown in
supplementary material 2. No additional information was disclosed
about whether the measurements were performed manually or
obtained by the automated method.
2.8. Statistical analysis

The agreement between the manual observers and the agreement
between the automated and manual methods was visualized using Bland-
Altman plots for each morphological measurement. In this study, in order
to distunguish between random and systematic error, a mean difference
larger than 2.5� was defined as a systematic error for mAI, AA, WCEA,
LCEA and NSA. A mean difference larger than 1% of the measurement
was defined as a systematic error for ADR, EI and TIR. These thresholds
are based on expert agreement. Outliers identified by the Bland-Altman
plots were visually inspected to analyze whether consistencies in mea-
surement error occurred.

Intraclass correlation coefficients (ICCs) were used to test reli-
ability and were reported with 95% confidence intervals (CI). Intra-
observer reliability was tested with a 2-way mixed-effects model,
single rater, absolute agreement ICC. Interobserver reliability be-
tween manual observers and between the automated determination of
the measurements on the manually adjusted and unadjusted
landmarks was tested with a 2-way random-effects model, single
rater, absolute agreement ICC. Lastly, intermethod reliability between
the mean of all manual and automated measurements on manually
adjusted and unadjusted landmarks was tested with a 2-way mixed-
effects model, single rater, absolute agreement ICC. ICCs were rated
as poor (<0.50), moderate (0.50–0.75), good (0.76–0.90), or
excellent (>0.90) [33].

The agreement within and between observers, and between
methods with regard to radiographic diagnoses was tested using
percentage agreement. Based on the qualitative rating of the mea-
surements by the musculoskeletal radiologist, the percentage of
acceptable measurements was determined for each morphological
measurement by the two manual observers and the automated
method, respectively. The percentage of acceptable measurements
was rated as poor (<50%), moderate (50–70%), good (71–90%), or
excellent (>90%).

Statistical analyses were performed using R statistical software
(v4.1.0; R Core Team 2021). The ggplot2-package in R was used to create
Bland-Altman plots. The irr-package in R was used to calculate the ICCs
and the percentage agreement [34].

https://www.google.com/url?q=http://www.bone-finder.com&amp;sa=D&amp;source=calendar&amp;usd=2&amp;usg=AOvVaw0lkt0H0zQcF_adw8B69_Dj


Fig. 3. Bland-Altman plots of the morphological measurements. A: The acetabular depth-width ratio (ADR) – observer 1 vs observer 2. B: ADR – manual vs automated
measurements based on unadjusted landmarks. C: The mAI – observer 1 vs observer 2. D: mAI – manual vs automated measurements based on unadjusted landmarks.
E: The AA – observer 1 vs observer 2. F: AA – manual vs automated measurements based on unadjusted landmarks. G: The WCEA – observer 1 vs observer 2. H: WCEA
–manual vs automated measurements based on unadjusted landmarks. I: The LCEA – observer 1 vs observer 2. J: LCEA –manual vs automated measurements based on
unadjusted landmarks. K: The EI – observer 1 vs observer 2. L: EI – manual vs automated measurements based on unadjusted landmarks. M: The NSA – observer 1 vs
observer 2. N: NSA – manual vs automated measurements based on unadjusted landmarks. O: The TIR – observer 1 vs observer 2. P: TIR – manual vs automated
measurements based on unadjusted landmarks.

F. Boel et al. Osteoarthritis and Cartilage Open 6 (2024) 100510
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Fig. 3. (continued).
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3. Results

All morphological measurements could automatically be performed
in all 30 hips, except for NSA, which could not be performed on two
images as too little of the femoral shaft was depicted on the radiograph.
3.1. Agreement

The Bland-Altman plots for agreement between the two observers and
the agreement between the manual and automated measurements based
on unadjusted landmarks are presented in Fig. 3, and the corresponding
mean difference and limits of agreement are summarized in Table 1. The
AA, WCEA, LCEA, mAI, and EI showed no to small mean differences
6

between automated and manual measurements. However, both the
interobserver and intermethod agreement of ADR and the interobserver
NSA and TIR showed a bias. Observer 1 consistently measured ADR and
TIR higher than observer 2, while the opposite was observed for ADR.
When comparing themanual and automatedADR, themean of themanual
measurements was consistently higher than the automatedmeasurement.

The intermethod limits of agreement were mainly smaller or similar
to the interobserver limits of agreement for all morphological measure-
ments except for WCEA and LCEA.

3.2. Reliability

The intra- and interobserver and intermethod reliability defined by
ICCs for all measurements are shown in Table 2. The intermethod



Table 1
Summary of mean interobserver and intermethod bias and limits of agreement of
manual morphological measurements and manual vs automated morphological
measurements based on the unadjusted landmarks.

Measurement Manual Manual vs Automated

Interobserver
bias (mean)

Interobserver
limits of
agreement

Intermethod
bias (mean)

Intermethod
limits of
agreement

Acetabular
depth-
width ratio

13 �27 to 53 �15 �52 to 13

Modified
acetabular
index [�]

�1.8 �7.6 to 4.1 2.0 �3.1 to 7.0

Alpha angle
[�]

�2 �22 to 18 �1 �23 to 20

Wiberg
center edge
angle [�]

1 �3 to 6 �2 �9 to 5

Lateral center
edge angle
[�]

0 �4 to 4 0 �6 to 6

Extrusion
index [%]

1 �8 to 9 �1 �8 to 5

Neck-shaft
angle [�]

�5 �9 to 0 �2* �6 to 2*

Triangular
index ratio

0.028 �0.058 to
0.115

�0.009 �0.078 to
0.061

Bland-Altman interobserver and intermethod bias (mean difference) and limits of
agreement, n¼30. *Based on 28 hips.
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reliability between the manual and automated measurements based on
both the manually adjusted and unadjusted landmarks was comparable
to or better than the interobserver reliability, except for WCEA in which
case the manual measurements were more reliable. Additionally, we
found that manually adjusted landmarks impacted the ADR and mAI
most. This led to lower reliability between manually adjusted compared
to unadjusted automated ADR and mAI measurements. These measure-
ments are calculated based on only on few specific landmarks.
Conversely, measurements that do not rely on few specific landmarks
from the point set like AA, NSA and TIR, showed excellent reliability
between the automated measurements performed using the adjusted vs
unadjusted landmarks.
Table 2
Intra- and interobserver reliability between manual measurements by observer 1 and
and intermethod reliability between manual and automated morphological measurem

Manual

Observer 1 Observer 2 Observer 1 vs
observer 2

Measurement Intraobserver ICC
(95% CI)

Intraobserver ICC
(95% CI)

Interobserver I
(95% CI)

Acetabular depth-
width ratio

0.67 (0.41–0.82) 0.89 (0.77–0.94) 0.79 (0.49–0.9

Modified Acetabular
Index

0.65 (0.36–0.82) 0.82 (0.61–0.91) 0.77 (0.48–0.8

Alpha Angle 0.36 (0.01–0.63) 0.67 (0.42–0.83) 0.43 (0.10–0.6
Wiberg center edge
angle

0.87 (0.74–0.93) 0.94 (0.88–0.97) 0.91 (0.78–0.9

Lateral center edge
angle

0.89 (0.78–0.95) 0.95 (0.87–0.98) 0.95 (0.86–0.9

Extrusion Index 0.74 (0.51–0.87) 0.80 (0.51–0.91) 0.83 (0.67–0.9
Neck Shaft Angle 0.89 (0.78–0.94) 0.86 (0.73–0.93) 0.58 (0–0.87)
Triangular Index Ratio 0.26 (0–0.57) 0.88 (0.76–0.94) 0.49 (0.12–0.7

Intraclass correlation coefficients (ICC) of intra- and interobserver, and intermethod
confidence interval (CI). The mean of all four manual measurements was used as the re
tested with a 2-way mixed-effects model, single rater, absolute agreement ICC. Int
automated determination on adjusted and unadjusted landmarks, was tested with a
reliability was tested with a 2-ways mixed-effects model, single rater, absolute agree

a ICCs measured using 28 hips. Interpretation: poor (<0.50), moderate (0.50–0.75
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3.3. Radiographic diagnostic agreement

Percentage agreement in radiographic diagnosis based onmorpholog-
icalmeasurementsissummarizedinTable3.Theintermethodradiographic
diagnostic agreement was better than or similar to the interobserver
radiographicdiagnostic agreement.Except for the radiographic diagnostic
agreement of dysplasia based on mAI of the manual versus automated
measurements based on themanually adjusted landmarks.
3.4. Qualitative assessment

The results of the qualitative assessment as performed by the MSK
radiologist are presented in Table 4. The majority of automated mea-
surements were deemed acceptable by the musculoskeletal radiologist.
The percentage of acceptable measurements was moderate to excellent
for all measurements, except for the EI measurements by observer 2.

4. Discussion

This study investigated the agreement and reliability of manual and
automated morphological measurements including ADR, mAI, AA,
WCEA, LCEA, EI, NSA, and TIR on AP pelvic radiographs. The presented
algorithm performed equally well compared to current best practice of
manual measurement by trained readers, attesting to its reliability and
efficiency in rapidly computing radiological measurements on an AP
pelvic radiograph.

The reported intra- and interobserver reliability of morphological
measurements varies in literature. The reported ICCs in the present study
were compared to the reliability of various morphological measurements
in literature. The ICCs reported in literature for the Wiberg and lateral
CEA (ICC ¼ 0.7 (95% CI 0.58–0.86) to 0.98 (CI 0.97–0.99) [33,35–38]
the NSA (ICC ¼ 0.58 (0.31–0.76) to 0.98 (0.95–0.99) [38]), the mAI (or
T€onnis angle) (ICC ¼ 0.71 (95% CI 0.45–0.83) to 0.92 (95% CI
0.85–0.95) [33,35,39]), the EI (ICC ¼ 0.68 (0.57–0.79) to 0.98 (no CI
reported) [33,35–37] and the ADR (ICC ¼ 0.62 to 0.84 [37,39,40] are
similar to the ICCs found in our study. The reported reliability in litera-
ture for the AA (ICC ¼ 0.78 (95% CI 0.61–0.87) to 0.99 (no CI reported)
[41–43]) is higher than observed in the present study. No reliability has
been reported for the TIR, although one study did report on the triangular
index height in 10 individuals (κ ¼ 0.74–0.78) [33].
observer 2, interobserver reliability between adjusted and unadjusted landmarks
ents.

Automated Manual vs automated

Adjusted vs unadjusted
landmarks

Unadjusted
landmarks

Adjusted landmarks

CC Interobserver ICC (95%
CI)

Intermethod ICC
(95% CI)

Intermethod ICC
(95% CI)

1) 0.70 (0.47–0.85) 0.78 (0.39–0.91) 0.80 (0.60–0.90)

9) 0.83 (0.67–0.91) 0.75 (0.34–0.90) 0.82 (0.30–0.94)

8) 0.98 (0.97–0.99) 0.46 (0.12–0.70) 0.5 (0.17–0.73)
6) 0.94 (0.88–0.97) 0.77 (0.54–0.89) 0.88 (0.70–0.95)

8) 0.91 (0.8–0.96) 0.89 (0.78–0.94) 0.95 (0.88–0.98)

1) 0.94 (0.87–0.97) 0.86 (0.71–0.93) 0.88 (0.65–0.95)
0.995 (0.989–0.998)a 0.86 (0.44–0.95)a 0.88 (0.51–0.96)a

3) 0.99 (0.98–0.996) 0.78 (0.59–0.89) 0.79 (0.61–0.89)

reliability of the morphological measurements. ICCs are presented with 95%
ference standard for the intermethod measurements. Intraobserver reliability was
erobserver reliability between both manual observers, as well as between the
2-way random-effects model, single rater, absolute agreement ICC. Intermethod
ment ICC. All ICCs were measured using 30 hips.
), good (0.76–0.90), or excellent (>0.90).



Table 3
Prevalence and diagnostic intraobserver and interobserver agreement between observer 1 and observer 2, interobserver agreement between adjusted and unadjusted
automated measurements, and intermethod agreement.

Manual Automated Manual vs automated

Observer 1 Observer 2 Observer 1 vs
observer 2

Adjusted vs
unadjusted
landmarks

Reference
standard

Unadjusted
landmarks

Unadjusted
landmarks

Adjusted
landmarks

Measurement Intraobserver
percent
agreement

Intraobserver
percent
agreement

Interobserver
percent
agreement

Interobserver
percent
agreement

Prevalence Prevalence Intermethod
percent
agreement

Intermethod
percent
agreement

Acetabular depth-
width ratio
�250

90.0 83.3 86.7 93.3 16.7% 26.7% 90.0 90.0

Modified
acetabular
Index �13�

96.7 96.7 96.7 90.0 0% 3.3% 96.7 86.7

Alpha Angle
�60�

90.0 90.0 86.7 96.7 10.0% 10.0% 86.7 83.3

Wiberg center
edge angle
�25�

100.0 100.0 93.3 90.0 13.3% 23.3% 96.7 93.3

Lateral center
edge angle
�40�

90 93.3 93.3 96.7 20.0% 16.7% 96.7 100

Extrusion Index
�25%

96.7 96.7 100 100 0% 0% 100 100

Neck Shaft Angle
<120� &
>140�

90 96.7 90 96.7 <120� : 0%
>140� : 0%

<120�: 3.3%
>140�: 0%

96.7 100

The reference standard consists of the mean of all manual measurements. Intermethod percent agreement was determined using the reference standard. n ¼ 30.

Table 4
The qualitative assessment of the morphological measurements.

Measurement Manual Automated

Observer 1 Observer 2 Unadjusted landmarks

Acetabular depth-width ratio 77 80 73
Modified Acetabular Index 70 53 70
Alpha Angle 93 90 77
Wiberg center edge angle 73 80 63
Lateral center edge angle 70 90 80
Extrusion Index 53 47 63
Neck Shaft Angle 93 100 96a

Triangular Index Ratio 63 100 73

Percentage of acceptable measurements. Qualitative assessment was performed
on 30 hips.

a Based on only 28 hips. Interpretation: poor (<50%), moderate (50–70%),
good (71–90%), or excellent (>90%).
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In terms of reliability and agreement in the current study, the AA
showed the worst reliability in the manual method between and within
observers, as well as in terms of intermethod reliability. The AA also
showed large limits of agreement in the Bland-Altman plots and erratic
behavior in the higher AA values (representing cam hips). These results
are likely caused by small differences in femoral head circle fit, which
may cause large measurement variation due to movement of the alpha
point (Fig. 3). Faber et al. showed similar outliers and erratic behavior
within the Bland-Altman analysis when comparing manual and auto-
mated AA measurements [44]. Similar results, although less extreme,
were found for TIR, as expected since this measurement is also largely
dependent on the circle fit. However, the erratic behavior observed in the
AA Bland-Altman plots in hips with cam morphology is absent in the TIR
Bland-Altman plots. This may be caused by the fact that compared to the
location of the alpha point, the location of point S (Fig. 2I) is less influ-
enced by the best-fitting circle around the femoral head.

ADR and mAI are two measurements which are calculated based on
only two to three landmarks and, therefore highly dependent on correct
landmarks recognition and placement. This is reflected in similar reli-
ability and limits of agreement for the intra- and interobserver, and
intermethod comparisons. The outliers in these measurements were all
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caused by different landmarks recognition and placement of both the
most lateral bony edge of the acetabulum and the most medial point of
the weight-bearing sourcil. Additionally, we found that the mean of the
manual measurements by the trained researchers was consistently higher
than the automated measurement, implying that we may under diagnose
acetabular dysplasia based on manual ADR measurements. Alternatively,
it may also be the case that the medial point of the ADR on the sourcil is
difficult to identify for the automated measurement. This may also in-
fluence the automated ADR.

The correct identification of the most lateral bony edge of the ace-
tabulum also influenced the LCEA and EI measurements. The reliability
was good to excellent for all analyses, and the limits of agreement were
similar between the interobserver and intermethod analyses.

The WCEA, as determined using the automated method, was slightly
worse than the LCEA when comparing the automated method to manual
measurements. This is likely due to more difficult assessment of the
sourcil, than the more distinct lateral bony acetabular rim. This is also
observed in literature with higher reliability for LCEA reported compared
to WCEA [32–37]. Overall, this landmark needed more adjustment than
the most lateral bony part of the acetabulum during the manual assess-
ment of landmarks placement. This was reflected in the higher reliability
of the manual versus automated measurement when the WCEA was
performed based on the manually adjusted landmarks.

The majority of manual measurements were deemed acceptable by
the musculoskeletal radiologist. This implies that the reported manual
measurement ICCs represent clinically acceptable reliability. In terms of
automated measurements, we can conclude that the automated ADR,
mAI, AA, LCEA, NSA and TIR measurements are valid in a clinical setting
and can be applied to establish radiographic morphological hip di-
agnoses. According to our study, performance of manual as well as
automated EI measurements does not reach the threshold for good
agreement. We hypothesize that in case of less sphericity of the femoral
head, the identification of the most lateral point of the femoral head
becomes difficult leading to unreliability in the measurement. As there
are other measurements that quantify acetabular coverage, these may be
more appropriate in a clinical setting to study hip morphology.

Using automated morphological measurements may advance research
and have important clinical implications. First, automated measurements
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may improve accuracy and consistency in morphological measurements
reported in literature. Measurement variability and bias could be reduced
dramatically if all measurements are performed uniformly, allowing for
comparison of results across studies. This holds especially true in terms of
the femoral head circle fit, which is essential in many morphological
measurements. The present automated method is published open-access
[23], which promotes collaboration in future hip (OA) studies. While
the method is still reliant on correct landmark identification, this was also
automated to achieve more consistency and speed. This method can be
applied in future studies to study whether these measurements are asso-
ciatedwith clinical outcomes such as symptomatic hip OA. The automated
method was tested on supine and standing pelvic radiographs from
various cohorts in the World COACH consortium, potentially making the
results more generalizable to a larger population. Furthermore, the
automated method can improve efficiency by accommodating the
collection of large amounts of morphological data. This will allow re-
searchers to carry out studies with increased statistical power, advancing
our understanding of hip morphology as a risk factor for hip OA.

No gold standard is available for these morphological measurements,
so we extensively trained researchers to obtain measurements which
could be used as a reference standard. We found order to ensure that
these measurements resemble clinical practice, an MSK radiologist
visually inspected all manual and automated measurements. Secondly, it
should be kept in mind that this study includes a rather small set of 30
hips. A larger dataset would likely show increased variation in hip
morphology and therefore provide a more robust assessment of the
described methods. Furthermore, as the participants from the World
COACH consortium are either from the general population or from a
population selected based on having symptoms or risk factors for hip OA,
the hips are a representation of the normal population. Therefore, gross
bony deformations as seen in hospital populations are underrepresented
in the world COACH consortium and results from the automated mea-
sures should be validated in this population first. All thresholds used to
define radiographic morphological diagnoses are based on literature, but
what the “right” threshold is remains unknown [45].

With regards to the qualitative assessment, the radiologist evaluated
printscreens of measurements, which made it impossible to adjust
contrast setting on the images as preferred by the radiologist. As a result
of this, the measurements that were impossible to visually inspect were
labeled as unacceptable, although in reality they may have been correct.
This issue may be avoided in the future by using DICOM images on PACS
viewer rather than printscreens of radiographs. Another limitation of this
study is that all morphological measurements were performed on AP
pelvic radiographs although it is known that some morphological di-
agnoses require additional radiographic views to assess hip morphology
[19,25,33,37]. Furthermore, acetabular morphology is influenced by
pelvic orientation, which can vary significantly in terms of tilt [46]. This
provides a future opportunity to also develop automated measurements
in various radiographic views.

In conclusion, automated morphological measurements are a reliable
and reproducible method to quantify the ADR, WCEA, LCEA mAI, TIR, EI
and NSA. This method makes morphological hip measurements viable in
large population studies, as it enables reliable analysis of large amounts
of data. Additionally, it may be a useful tool in clinical practice, as it
reduces reader bias and the landmarks allow for insightful measure-
ments. Access to fast, externally validated, reliable methods to quantify
hip morphology may aid in the quest for modifiable risk factors for hip
OA in future studies.
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