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HIP OSTEOARTHRITIS

Osteoarthritis (OA) is a chronic and degenerative disease, characterized by pain, 

swelling, stiffness, and loss of mobility in joints1, 2. It mainly affects the hyaline 

articular cartilage, but also the other surrounding structures, including subchondral 

bone, capsule, synovium, tendons, ligaments, and muscles3, 4. According to the WHO’s 

World Report on Global Ageing and Health, OA was highlighted as a leading cause of 

disability in the elderly aged 60 years and older, affecting 7.6% (595 million) of the 

global population in 20205. 

With the global population aging, the prevalence of OA is increasing gradually with 

an annual rate of 1.4% (95% CI 1.3–1.6%)6, accompanied by an increase in health 

and economic burden7. Globally, the age-standardized rate of years lived with dis-

ability (YLDs) accounted for up to 255 YLDs per 100,000 in 2020, establishing OA 

as the seventh leading cause of YLDs among the elderly5. The direct healthcare cost 

and indirect socioeconomic cost associated with OA impose a significant economic 

burden on both individuals and nations, collectively amounting to 1-2.5% of the gross 

domestic product (GDP) of high-income countries8.

Following knee OA, the prevalence of hip OA has been identified as the second high-

est among all relevant types of OA9, 10, around 10%11. Due to a lack of comprehensive 

understanding of the pathological mechanism of OA and its irreversible process of 

progression, no cure has been developed for the condition to date11. Current man-

agement relies on non-pharmacological methods at the early stages and surgical 

treatments at the advanced stages1, 2, 12. Therefore, the research on the prevention 

of hip OA, despite being in its early stages, warrants increased attention. A thorough 

understanding of the risk factors of hip OA may offer valuable insights into its preven-

tion.
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CAM MORPHOLOGY

To date, various risk factors for hip OA have been identified previously, which include 

but are not limited to demographic characteristics (older age, female sex, and obe-

sity), genetic factors, structural morphology, previous injury, and physical activity 

with high loading13-19. Among structural factors of hip morphology, cam morphology 

has been identified as contributing to a higher risk of developing radiographic hip 

OA (RHOA) with growing evidence. It is characterized by the presence of additional 

bone formation of varying sizes around the femoral head-neck junction20 (Figure 1). 

This irregularity results in a non-spherical femoral head, leading to the impingement 

against the acetabular rim during flexion and internal rotation of the hip 21.

Cam morphology was initially described in 1855 by Henle J22 and was systematically 

defined as anatomical variations of the proximal femur characterized by a significant 

reduction in femoral anteversion and head-neck offset on the anterior aspect of the 

neck in 200123. Over time, it has been referred to by different terms such as ‘pistol 

grip’, ‘tilt deformity’, or ‘cam deformity’ 24. The academic community has recently 

reached a consensus on its definition, agreeing that cam morphology refers to a car-

tilage or bony prominence of varying size usually at the anterosuperior aspect of the 

femoral head-neck junction of the hip20.

Cam morphology can be classified as primary or secondary, depending on whether 

there is a pre-existing pathologic process25. Comparing to primary cam morphology, 

secondary cam morphology arises from pre-existing pathologic processes with clear 

mechanisms, such as slipped capital femoral epiphysis, Legg-Calve-Perthes disease, 

fracture malunion, and infection25. The etiology of primary cam morphology, however, 

remains incompletely understood.

Figure 1. Comparison of normal hip (figure A) and hip with cam morphology (figure B/C)
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Cam morphology mostly starts to develop before the closure of the growth plate and 

continues to increase in size alongside skeletal growth26. Its growth halts after the 

closure of the proximal femoral growth plate27. Engaging in high-impact sports during 

growth has been reported to play a significant role in this process28-30. Hence, the 

formation of cam morphology can be viewed as a consequence of bony structural 

adaptation to excessive femoral loading26, 31.

The description of shape of cam morphology varied a lot, from a “pistol-grip” to a 

“oval shape”, suggesting the shape of cam morphology is irregular. At present, the 

methods used to quantify cam morphology can mainly distinguish the size of cam 

morphology but not its shape variations. To the best of our knowledge, there is no 

previous research on whether different subtypes of cam morphology as captured by 

the alpha angle exist and how these relate to the development of RHOA.

THE RADIOGRAPHICAL INDICES FOR CAM MORPHOLOGY

Cam morphology results in an aspherical femoral head, therefore radiographic indices 

used to quantify cam morphology primarily aim to measure the extent of deviation 

from spherical to aspherical shape of the femoral head. These indices include, but 

are not limited to: the alpha angle, femoral head-neck offset measure (mm) or ratio, 

femoroacetabular excursion angle (the beta angle), triangular index, and the relation-

ship between the width of the femoral neck and diameter of the femoral head. Most 

of these indices can be measured on radiographs, dual-energy X-ray absorptiometry 

(DXA), CT scans, and MRI scans32 and reported as continuous and/or dichotomous 

variables.

The most commonly and widely used method is the alpha angle33. It was first proposed 

by Notzli et al. in 2002 using MRI scans34. However, it was later applied to radiographs 

with various views, including anteroposterior (AP) view, Dunn 45 view, Frog-leg 

lateral view, cross-table lateral view, false profile view, Sugioka views, von Rosen 

view, and Lauenstein View32. The alpha angle was measured as the angle between the 

longitudinal axis of the femoral neck and an auxiliary line extending from the center 

of the femoral head to a point where the head-neck junction begins to leave the best-

fitting circle of the femoral head34 (Figure 2). In clinical practice or research, the value 

of alpha angle is used as continuous in degree or dichotomous variables by a cut-off 

value. To date, the cut-off value used to identify the presence of cam morphology 

showed huge variation in prior studies, ranging from 50° to 83°32. Among them, the 
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threshold value of 60° recently gained a certain consensus to use for classifying cam 

morphology20. 

The triangular index ratio is an alternative method on AP radiograph to quantify cam 

morphology. The triangular index, the original form of the triangular index ratio, was 

introduced by Gosvig et al. in 200535. It compares a specific distance (D) from the 

center of the femoral head to a point on the cortex of the head-neck junction, taken 

at half the radius of the femoral head along the line passing through the femoral neck 

axis and the radius of the femoral head (r). Initially, the sphericity of femoral head 

(cam morphology) was defined by Gosvig et al. if D ≥ r + 2 mm at 1.2 magnification35 

(Figure 2). However, this measurement relies on radiographs achieving millimeter-

level accuracy, with varying magnifications depending on the radiographic protocol 

used. By evaluating the relationship between the 2 mm threshold and the radius of 

the femoral head, this linear measurement can be transformed into a ratio form to 

address this issue. The triangular index ratio concentrates on the distance from the 

most lateral part of the femoral head-neck junction to the femoral neck, which differs 

from the alpha angle measurement. Consequently, the triangular index ratio holds 

the potential to enhance the accuracy in defining the presence of cam morphology. 

Figure 2. The measurement of alpha angle (figure A) and triangular index ratio (figure B). The alpha 
angle is the angle between the femoral neck axis and a line connecting the femoral head center 
and alpha point (red point), where the contour of the femoral head-neck junction begins to exceed 
the best-fitting circle of the femoral head; The triangular index ratio is the ratio of the distance (D) 
between the femoral head center and a point (blue point) on the femoral head-neck junction at 
0.5r along the femoral head-neck axis and the radius of the best-fitting circle around the femoral 
head (r).
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However, this method was seldom used in previous studies, therefore the predictive 

performance of cam morphology defined by this method is still unknown.

CAM MORPHOLOGY AND HIP OSTEOARTHRITIS

Cam morphology may lead to impingement against the acetabulum rim during hip 

motion, especially the flexion and internal rotation of the hip36. This repetitive abnor-

mal contact can induce shear forces on the acetabular labrum and articular cartilage, 

ultimately resulting in cartilage defects and labral tears21. Eventually, this wear and 

tear structural damage around the hip joint might evolve to hip OA.

The association between cam morphology and the development of radiographic hip 

OA (RHOA) has been extensively investigated in prior prospective cohort studies, 

consistently revealing a clear consensus that cam morphology represents a robust 

risk factor for the development of RHOA36-40. However, the strength of this association 

reported varies widely between different cohorts, with odds ratios varying between 

2.11 (95% CI 1.55–2.87)38 and 20.6 (95% CI 3.4–34.8)41. The explanation for this vari-

ance could be the difference in demographic characteristics of the studied population, 

definition for cam morphology and RHOA, and follow-up times used (ranging from 3 to 

over 25 years). Due to these variations, the findings from each previous cohort study 

stand independently and are not directly transferable to one another, thus rendering 

them underpowered for generalization to the broader population. The etiology of cam 

morphology leading to RHOA remains inadequately understood and warrants further 

attention, particularly in light of the issues mentioned above.

CAM MORPHOLOGY AND FEMOROACETABULAR IMPINGEMENT 
SYNDROME

Femoroacetabular impingement (FAI) syndrome has been recognized as a potential 

precursor to the development of idiopathic hip osteoarthritis42. It is characterized 

by abnormal contact between the proximal femur and acetabular rim, leading to its 

classification into two types based on morphological features: cam morphology and 

pincer morphology (an over coverage of the acetabulum)43. The primary symptom 

of FAI syndrome is motion- or position-related anterior or anterolateral hip or groin 

pain36, 43-45. However, a substantial proportion of individuals with cam morphology are 

asymptomatic. The association between cam morphology and hip pain remains un-

clear with previous conflicting findings46-54. Since all those studies only collected data 
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of hip pain at single time point, the fluctuating nature of pain might be an explanation 

for this considerable variability. To date, there is no study exploring the relationship 

between cam morphology and hip pain at multiple time points.

AIMS AND OUTLINE

The aims of this thesis are to:

1. Addressing current knowledge gaps by investigating the association between cam 

morphology and the development of RHOA at various follow-up intervals, utiliz-

ing a unified definition of cam morphology and RHOA within a comprehensive, 

harmonized database.

2. Examining the association between cam morphology and hip pain symptom at 

multiple time points.

3. Exploring shape variation of cam morphology and identifying the subtypes of cam 

morphology that are currently lacking.

4. Investigating the association between cam morphology defined by triangular index 

ratio and the development of RHOA and comparing the predictive performance for 

RHOA between this novel method and the currently mostly used method: alpha 

angle.
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This thesis consists of four parts. Part I consists of Chapter 2, which is the method-

ology of this thesis. In this chapter, we introduced the automated algorithm for the 

alpha angle and triangular index ratio measured on pelvic radiographs, which forms 

the basis of the following chapters. In Part II, we focused on the association between 

cam morphology and the incident RHOA. In Chapter 3, we studied the association be-

tween cam morphology and RHOA development in the CHECK cohort at four different 

follow-up points. In Chapter 4, by an individual participant data (IPD) meta-analysis 

from the World COACH consortium, we tried to better understand the contribution 

of cam morphology to the risk of developing RHOA in a more generalized popula-

tion. Part III consists of Chapter 5, in which we investigated the association of cam 

morphology with the presence of hip pain annually over a 10-year period. In Part IV, 

we explored the cam morphology beyond the alpha angle. In Chapter 6, we employed 

statistical shape modeling to quantify the shape of the femoral head-neck junction 

and aimed to identify subtypes of cam morphology. Concurrently, we investigated 

the association between each subtype of cam morphology and the development of 

RHOA at follow-up. In Chapter 7, acknowledging the limitations of the alpha angle, 

we endeavored to identify an alternative method for defining the presence of cam 

morphology. We assessed the predictive performance of the triangular index ratio-

defined cam morphology for the development of RHOA.
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ABSTRACT

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 measure-

ments was assessed using percentage agreement. Visualizations of all measurements 

were scored by a radiologist.

Results: The Bland-Altman plots showed no to small mean differences between 

automated and manual measurements for all measurements except for ADR. Intrao-

bserver 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%-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 observers, attesting to its reliability and efficiency in rapidly 

computing morphological measurements. This validated method can aid clinical prac-

tice and accelerate hip osteoarthritis research.
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INTRODUCTION

There is evidence that hip morphology is a leading contributing factor to the develop-

ment 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 OA1-6.

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 observers7. Addi-

tionally, a lack of consistency exists in the current definitions for some morphological 

measurements8.

Automated morphological measurements could enhance reproducibility while fa-

cilitating 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 described9-11.

We aim to study the reliability and agreement of manual and our in-house developed, 

open access, automated morphological hip measurements 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 aim 

was to assess the agreement in making radiographic morphological diagnoses based 

on manual and automated measurements.

METHODS

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 (CHECK), the Multi-center OSteoarthritis sTudy (MOST), the OsteoArthritis Initia-

tive (OAI), the Rotterdam Study-I (RS-I), the Rotterdam Study-II (RS-II), the Rotterdam 

Study-III (RS-III), the Chingford Study, the Johnston County Project (JoCo), the Study 
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of Osteoporotic Fractures (SOF), and the Tasmanian Older Adults Cohort (TASOAC). 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 detail12. From the consortium, 30 base-

line 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 radiographs for inclusion13. 

A flowchart of the radiograph selection is shown in Figure 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.

Figure 1. Flowchart of the radiograph selection.
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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 paper12. Seven cohorts (CHECK, MOST, OAI, RS-I, RS-II, 

RS-III, TASOAC) contained weight-bearing AP pelvic radiographs. In contrast, three 

cohorts (the Chingford Study, JoCo, and SOF) contained supine AP pelvic radiographs.

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 morphology17-19. 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 vara22. All measurements are 

shown in Figure 2 and are explained in detail elsewhere23; a brief overview, including 

radiological thresholds for radiographic diagnosis, is provided below.
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Figure 2. Definition of morphological measurements. A: Overview of the landmarks. B: Acetabular 
depth-width ratio (ADR) – the ratio between the acetabular depth (line A) measured from the most 
medial point of the acetabular sourcil to line B, and the acetabular width (line B) measured from 
the most lateral bony edge of the acetabulum to the most caudal point of the teardrop, ADR = 
A/B*1000. C: The modified acetabular index (mAI) – The angle between the horizontal reference 
line of the pelvis (HRLP) (line 1) and the line between the most lateral bony edge of the acetabu-
lum and the most medial point of the acetabular sourcil (line 2). D: The alpha angle (AA) – the 
angle between the femoral head neck axis (line 1) and line 2 connecting the femoral head center 
and alpha point (AP), where the contour of the femoral head-neck junction leaves the best-fitting 
circle around the femoral head. E: The Wiberg center edge angle (WCEA) – The angle between line 
1, a vertical line through the femoral head center perpendicular to the HRLP, and line 2 connecting 
the most lateral point of the acetabular sourcil and the femoral head center. F: The lateral center 
edge angle (LCEA) – The angle between line 1, a vertical line through the femoral head center 
perpendicular to the HRLP, and line 2 connecting the most lateral bony edge of the acetabulum 
and the femoral head center. G: the extrusion index (EI) –EI = A/(A+B)*100%, where A is the dis-
tance between the most lateral point of the femoral head and the most lateral bony edge of the 
acetabulum, and B is the distance between the most lateral bony point of the acetabulum and the 
most medial point of the femoral head. H: The neck-shaft angle – the angle between the femoral 
head-neck axis (line 1) and the longitudinal axis of the femoral shaft (line 2). I: The triangular index 
ratio (TIR) – The ratio between the radius of the best-fitting circle around the femoral head (line 1) 
and the distance between the femoral head center and point S on the femoral head-neck junction 
at 0.5r along the femoral head90 neck axis (line 2).
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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 (Figure 2B). The ADR is the depth ratio to the width multi-

plied by 1000. Acetabular dysplasia is diagnosed by an ADR ≤ 25024.

Modified acetabular index
The modified acetabular index (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 (Figure 2C). Acetabular 

dysplasia is defined by mAI ≥ 13°, acetabular overcoverage is defined by mAI ≤ 3°24, 25.

Wiberg center edge angle
The degrees of weight-bearing coverage of the femoral head by the acetabulum is 

measured by the Wiberg center edge angle (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 (Figure 2E). Although the threshold has been 

debated, acetabular dysplasia is generally defined by a WCEA ≤ 25° in prospective 

studies1, 11, 26, 27.

Lateral center edge angle
The degrees of bony coverage of the femoral head by the acetabulum is measured by 

the lateral center edge angle (LCEA)1, 4, 28. The LCEA 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 bony 

part of the acetabulum (Figure 2F). Pincer morphology is generally defined by an LCEA 

≥ 40° in prospective studies1, 17.

Extrusion index
The extrusion index (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 (Figure 2G). Acetabular dysplasia is defined by an EI ≥ 25%25.
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Alpha angle
The alpha angle (AA) is the most commonly used measurement to define cam mor-

phology and quantify the sphericity of the femoral head-neck junction. The AA is 

constructed by two lines, one from the femoral head center through the middle 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 best fitting circle around the femoral head (Figure 2D)29. An AA ≥ 60° 

threshold is commonly used in literature to define cam morphology21.

Triangular index ratio
The triangular index ratio (TIR) measures femoral asphericity and defines cam mor-

phology. Compared to the alpha angle, the TIR is measured at a specific point on the 

femoral head neck junction. It is the ratio between the radius of the 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 (Figure 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 morphology20.

Neck-shaft angle
The neck-shaft angle (NSA) is the angle between the longitudinal axis of the femoral 

shaft and the femoral head-neck axis (Figure 2H). It has been hypothesized that hips 

with a more varus neck orientation experience increased subchondral bone stress 

and, therefore, increased risk of degeneration in individuals with cam morphology30. 

Conversely, a relative increase in femoral neck shaft angle combined with acetabular 

undercoverage also leads to RHOA30. Coxa valga is generally defined by NSA> 140°, 

and coxa vara by NSA <12031.

Automated morphological measurements
The bony outline of the proximal femur and acetabulum were annotated automati-

cally on all AP pelvic radiographs with landmarks (Figure 2A) (BoneFinder® software 

(www.bonefinder.com;The University of Manchester, UK)32. The protocol for the 80 

landmarks used in this automated hip shape annotation can be found in supplemen-

tary material 1. The landmarks were used to automatically derive the hip morphology 

measurements using in house-built Python-based software23. This software is a pipe-

line to automatically determine radiographic measurements based on radiographic 

landmarks. The radiographic measurements are performed in accordance to the 

definitions provided in this manuscript23. To assess the impact of automated landmark 

placement on the morphological measurements, a second set of landmarks was cre-
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ated on the same set of radiographs where all landmarks were manually assessed and 

adjusted, if necessary, after which the morphological measurements were derived 

again.

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 avail-

able 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 discussed. This was repeated 3 

times with the same radiographs until both researchers were proficient in perform-

ing measurements. Next, the two trained researchers (JT and NSR) performed on 

the 30 randomly selected radiographs from the World COACH consortium, with the 

same proportionality 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 performed 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 interobserver analy-

ses. The mean of all four manual measurements was used as the reference standard to 

which the automated method was compared.

Agreement
The agreement within the two rounds of manual measurements for each observer 

and between observers, and between methods with regard to radiographic diagnoses 

solely based on morphological measurements of acetabular dysplasia, pincer and cam 

morphology, and coxa vara and valga was tested.

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 unad-

justed landmarks and qualitatively rated the measurements as acceptable or unac-

ceptable. “Acceptable” is if the radiologist would measure the same morphological 

measurements based on the landmark points. “Unacceptable” is if the radiologist 
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would perform the measurements differently. This was done in order to ensure the 

automated measurements were correct from a clinical perspective of an MSK radiolo-

gist. 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. Addi-

tionally, 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.

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 distinguish between random 

and systematic error, a mean difference larger than 2.5° was defined as a system-

atic 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 measurement error occurred.

Intraclass correlation coefficients (ICCs) were used to test reliability and were re-

ported with 95% confidence intervals (CI). Intraobserver reliability was tested with a 

2-way mixed effects model, single rater, absolute agreement ICC. Interobserver reli-

ability between 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, inter-

method 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), moder-

ate (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 quali-

tative rating of the measurements 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 percent-
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age 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 agreement34.

RESULTS

All morphological measurements could automatically be performed in all 30 hips, ex-

cept for NSA, which could not be performed on two images as too little of the femoral 

shaft was depicted on the radiograph.

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 Figure 3, and the corresponding mean difference and limits of agree-

ment are summarized in Table 1. The AA, WCEA, LCEA, mAI, and EI showed no to small 

mean differences between automated and manual measurements. However, both the 

interobserver and inter-method 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 the manual and auto-

mated ADR, the mean of the manual measurements was consistently higher than the 

automated measurement. 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.

The intermethod limits of agreement were mainly smaller or similar to the interob-

server limits of agreement for all morphological measurements except for WCEA and 

LCEA.
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Figure 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 modified acetabular index (mAI) – observer 1 vs observer 2. D: mAI 
– manual vs automated measurements based on unadjusted landmarks. E: The alpha angle (AA) – 
observer 1 vs observer 2. F: AA – manual vs automated measurements based on unadjusted land-
marks. G: The Wiberg center edge angle (WCEA) – observer 1 vs observer 2. H: WCEA – manual vs 
automated measurements based on unadjusted landmarks. I: The lateral center edge angle (LCEA) 
– observer 1 vs observer 2. J: LCEA – manual vs automated measurements based on unadjusted 
landmarks. K: The extrusion index (EI) – observer 1 vs observer 2. L: EI – manual vs automated mea-
surements based on unadjusted landmarks. M: The neck-shaft angle (NSA) – observer 1 vs observer 
2. N: NSA – manual vs automated measurements based on unadjusted landmarks. O: The triangular 
index ratio (TIR) – observer 1 vs observer 2. P: TIR – manual vs automated measurements based on 
unadjusted landmarks.
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Reliability
The intra- and interobserver and intermethod reliability defined by ICCs for all mea-

surements are shown in Table 2. The intermethod reliability between the manual and 

automated measurements based on both the manually adjusted and unadjusted land-

marks 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 measurements 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 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, n=30. *Based on 28 
hips.
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Radiographic diagnostic agreement
Percentage agreement in radiographic diagnosis based on morphological measure-

ments is summarized in Table 3. The intermethod radiographic diagnostic agreement 

was better than or similar to the interobserver radiographic diagnostic agreement. 

Except for the radiographic diagnostic agreement of dysplasia based on mAI of the 

manual versus automated measurements based on the manually adjusted landmarks.

Table 2. Intra- and interobserver reliability between manual measurements by observer 1 and ob-
server 2, interobserver reliability between adjusted and unadjusted landmarks and intermethod 
reliability between manual and automated morphological measurements

Empty Cell Manual Automated Manual vs automated

Observer 1 Observer 2 Observer 1 
vs observer 2

Adjusted vs 
unadjusted 
landmarks

Unadjusted 
landmarks

Adjusted 
landmarks

Measurement Intraobserver 
ICC (95% CI)

Intraobserver 
ICC (95% CI)

Interobserver 
ICC (95% CI)

Interobserver 
ICC (95% CI)

Intermethod 
ICC (95% CI)

Intermethod 
ICC (95% CI)

Acetabular 
depth-width 
ratio

0.67 (0.41 – 
0.82)

0.89 (0.77 – 
0.94)

0.79 (0.49 – 
0.91)

0.70 (0.47 – 
0.85)

0.78 (0.39 – 
0.91)

0.80 (0.60 – 
0.90)

Modified 
Acetabular 
Index

0.65 (0.36 – 
0.82)

0.82 (0.61 – 
0.91)

0.77 (0.48 – 
0.89)

0.83 (0.67 – 
0.91)

0.75 (0.34 – 
0.90)

0.82 (0.30 – 
0.94)

Alpha Angle 0.36 (0.01 – 
0.63)

0.67 (0.42 – 
0.83)

0.43 (0.10 – 
0.68)

0.98 (0.97 – 
0.99)

0.46 (0.12 – 
0.70)

0.5 (0.17 – 
0.73)

Wiberg 
center edge 
angle

0.87 (0.74 – 
0.93)

0.94 (0.88 – 
0.97)

0.91 (0.78 – 
0.96)

0.94 (0.88 – 
0.97)

0.77 (0.54 – 
0.89)

0.88 (0.70 – 
0.95)

Lateral center 
edge angle

0.89 (0.78 – 
0.95)

0.95 (0.87 – 
0.98)

0.95 (0.86 – 
0.98)

0.91 (0.8 – 
0.96)

0.89 (0.78 – 
0.94)

0.95 (0.88 – 
0.98)

Extrusion 
Index

0.74 (0.51 – 
0.87)

0.80 (0.51 – 
0.91)

0.83 (0.67 – 
0.91)

0.94 (0.87 – 
0.97)

0.86 (0.71 – 
0.93)

0.88 (0.65 – 
0.95)

Neck Shaft 
Angle

0.89 (0.78 – 
0.94)

0.86 (0.73 – 
0.93)

0.58 (0 – 
0.87)

0.995 (0.989 
– 0.998) *

0.86 (0.44 – 
0.95) *

0.88 (0.51 – 
0.96) *

Triangular 
Index Ratio

0.26 (0 – 
0.57)

0.49 (0.12 – 
0.73)

0.99 (0.98 – 
0.996)

0.78 (0.59 – 
0.89)

0.79 (0.61 – 
0.89)

Intraclass correlation coefficients (ICC) of intra- and interobserver, and intermethod reliability of the morphological 
measurements. ICCs are presented with 95% confidence interval (CI). The mean of all four manual measurements 
was used as the reference standard for the intermethod measurements. Intraobserver reliability was tested with a 
2-way mixed-effects model, single rater, absolute agreement ICC. Interobserver reliability between both manual 
observers, as well as between the automated determination on adjusted and unadjusted landmarks, was tested 
with a 2-way random-effects model, single rater, absolute agreement ICC. Intermethod reliability was tested with 
a 2-ways mixed-effects model, single rater, absolute agreement ICC. All ICCs were measured using 30 hips. *ICCs 
measured using 28 hips. Interpretation: poor (<0.50), moderate (0.50-0.75), good (0.76-0.90), or excellent (>0.90).
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Qualitative assessment
The results of the qualitative assessment as performed by the MSK radiologist are 

presented in Table 4. The majority of automated measurements were deemed accept-

able by the musculoskeletal radiologist. The percentage of acceptable measurements 

was moderate to excellent for all measurements, except for the EI measurements by 

observer 2.

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 96*

Triangular Index Ratio 63 100 73

Percentage of acceptable measurements. Qualitative assessment was performed on 30 hips. *Based on only 28 hips. 
Interpretation: poor (<50%), moderate (50-70%), good (71-90%), or excellent (>90%).
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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= 0.7 (95% CI 0.58-0.86) to 0.98 (CI 0.97–

0.99)11, 33, 35-37, the NSA (ICC=0.58 (0.31-0.76) to 0.98 (0.95-0.99)11, the mAI (or Tönnis 

angle) (ICC=0.71 (95% CI 0.45-0.83) to 0.92 (95% CI 0.85-0.95)33, 35, 38, the EI (ICC= 

0.68 (0.57-0.79) to 0.98 (no CI reported)33, 35-37, and the ADR (ICC= 0.62 to 0.8415, 37, 38, 

are similar to the ICCs found in our study. The reported reliability in literature for the 

AA (ICC= 0.78 (95% CI 0.61-0.87) to 0.99 (no CI reported)39-41, 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 = 0.74-0.78)33. 

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 automated AA measurements9. 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 influenced 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 reliability and limits of agreement for the intra- 
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and interobserver, and intermethod comparisons. The outliers in these measurements 

were all 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, imply-

ing that we may under diagnose acetabular dysplasia based on manual ADR measure-

ments. 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 influence 

the automated ADR.

The correct identification of the most lateral bony edge of the acetabulum also in-

fluenced 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 WCEA32-35, 37. Overall, this landmark needed more adjustment 

than the most lateral bony part of the acetabulum during the manual assessment 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 musculoskel-

etal radiologist. This implies that the reported manual measurement ICCs represent 

clinically acceptable reliability. In terms of automated measurements, we can con-

clude 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 

diagnoses. 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 measure-

ment. 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 im-

portant clinical implications. First, automated measurements may improve accuracy 
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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 morphologi-

cal measurements. The present automated method is published open-access, 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 associated with 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 im-

prove efficiency by accommodating the collection of large amounts of morphological 

data. This will allow researchers 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 exten-

sively trained researchers to obtain measurements which could be used as a reference 

standard. We found order to ensure that these measurements resemble clinical prac-

tice, 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 measures should be validated in 

this population first. All thresholds used to define radiographic morphological diag-

noses are based on literature, but what the “right” threshold is remains unknown42. 

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 diagnoses require additional radiographic views 
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to assess hip morphology18, 25, 33, 37. Furthermore, acetabular morphology is influenced 

by pelvic orientation, which can vary significantly in terms of tilt42. This provides a 

future opportunity to also develop automated measurements in various radiographic 

views.

In conclusion, automated morphological measurements are a reliable and reproduc-

ible 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 

measurements. 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 stud-

ies.
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Supplement 1: Protocol for landmark annotation

Proximal femur (white points)

Lesser trochanter

Point (34): Where the lesser trochanter starts bending off the shaft distally. If the 

lesser trochanter is seen behind the shaft, place this point on the cortex of the shaft 

at this level. If the lesser trochanter is not visible at all: missing points.

Point (31): Where the lesser trochanter joins the shaft proximally. If the lesser tro-

chanter is seen behind the shaft, place this point on the cortex of the shaft at this 

level. If the lesser trochanter isn’t visible at all: missing points.

Point (32)+(33): Respectively on the lower and upper corners of the lesser trochanter. 

If there are no clear corners: space them equally between (31) and (34) along the bony 

contour of the lesser trochanter.
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Rest of proximal femur

Point (0) + (1): Respectively across (34) and (31) on the lateral femoral shaft. If point 

(1) would be above point (3) based on the position of point (34), place point (1) just 

under point (3).

Point (3): On the lower lateral corner of the greater trochanter.

Point (2): Equally spaced between (1) and (3).

Point (6): On the upper lateral corner of the (anterior) greater trochanter.

Point (4)+(5): Equally spaced between (3) and (6).

Point (7): On the medial upper corner of the anterior greater trochanter. If not visible, 

place this point equally spaced between (6) and (8) on the contour of the anterior 

greater trochanter.

Point (8): Where the anterior greater trochanter intersects the femoral.

Point (18): On the superolateral side of the femoral head, where the “best fitting 

circle” around the convexity of the femoral head seems to start. In case of a cam 

bump, osteophyte, or other irregularity: place (18) right after this bump ends, and the 

circle begins.

Point (27): On the inferomedial side of the femoral head, where the convexity of the 

femoral head seems to end. (The neck bends off after this point).

Point (20-26): Place these points equally spaced between (18) and (27) following the 

femoral head contour, unless there is a clear fovea dip, in which case the adjacent 

points, usually (24) and (25), are placed just outside of the fovea. Point (23) will be 

approximately placed halfway across the ‘semi’-circle between (18) and (27).

Point (9-17): Place these points equally spaced between (8) and (18) following the 

lateral femoral neck contour. In case of irregularities like a cam bump or osteophyte, 

follow the outlining contour as closely as possible.

Point (19): Place this point equally spaced between (18) and (20) on the femoral head 

contour.

Point (28): At the deepest point of the inferomedial concavity of the femoral neck, so 

that (27-31) will follow the medial cortex of the femoral neck as closely as possible.

Point (29)+(30): Place these points equally spaced between (28) and (31), following 

the medial cortex of the femoral neck.
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Greater trochanter, posterior part

** If the posterior greater trochanter is not visible: (35-39) missing points.

Point (36): On the upper medial corner of the posterior greater trochanter.

Point (35): Between (6) and (36), following the contour. If there is a clear corner, put 

it there. 

Point (37): On the medial corner of the posterior greater trochanter, where it starts to 

drop downwards (caudal). This is independent of the femoral neck, so it can be before 

or after it dips behind the femoral neck, depending on the rotation of the proximal 

femur.

Point (38): Where the posterior greater trochanter is dropping straight down, right 

before it bends medially.

Point (39): On the end of the sclerotic line right after the medial bend, following the 

contour of the posterior greater trochanter.

Posterior wall of acetabulum (yellow points)

Point (40): On the uppermost visible part of the posterior wall of the acetabulum (usu-

ally right below the lateral edge of the weight-bearing surface or lateral osteophyte/

pincer).

Point (44): Where the posterior wall joins the ischium (where the ischium usually 

proceeds vertically down).

Point (41-43): Place these points equally spaced between (40) and (44), following the 

contour of the posterior wall of the acetabulum.

Ischium & Pubis (pink points)

Point (49): On the most caudal point of the ischium (ischial tuberosity). If the ischial 

tuberosity appears as a straight line, put it in the middle of the ischial tuberosity.

Point (45-48): Place these points equally spaced between (44) and (49) along the 

contour of the ischial tuberosity.

Point (52): In the concavity before the symphysis.

Point (50)+(51): Place these points equally spaced between (49) and (52), following 

the caudal contour of the inferior pubic ramus.

Point (53): On the most caudal point of the pubic symphysis.

Point (54): On the most cranial point of the pubic symphysis.

Point (59): On the iliopectineal line of the pelvis, at the height where the ilioischial 

line splits off.
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Point (55-58): Place these points equally spaced between (54) and (59). Follow the 

iliopectineal line, ignoring the ischial spine.

Point (60): In the superolateral corner of the obturator foramen.

Point (62): In the inferolateral corner of the obturator foramen.

Point (61): Equally spaced between (60) and (62), following the contour of the lateral 

rim of the obturator foramen.

Point (64): In the inferomedial corner of the obturator foramen.

Point (63): Place this point equally spaced between (62) and (64), following the con-

tour/angle of the inferior rim of the obturator foramen.

Point (65): In the superomedial corner of the obturator foramen.

Point (66): Place this point equally spaced between (65) and (60), following the con-

tour/angle of the superior rim of the obturator foramen.

Acetabulum (black points)

Acetabular roof

** Points (70-74) along the weight-bearing zone (sourcil) are placed on the inferior 

rim of the sclerotic line.

Point (69): On the most lateral point of the acetabulum, this can also be a lip/osteo-

phyte.

Point (70): On the most lateral point of the weight-bearing zone (sourcil) of the ac-

etabulum (most lateral point of sclerotic line).

Point (74): On the most medial point of the weight-bearing zone (sourcil) of the ac-

etabulum, this is also the most superolateral point of the acetabular fossa. Usually 

there is a clear angle in the (sclerotic) line at the transition of weight-bearing zone to 

fossa. If the acetabular fossa is not visible at all, just place it on the most medial point 

of the sclerotic line.

Point (71-73): Along the underside of the sourcil, place these points equally spaced 

between (70) and (74), following the contour of the weight-bearing zone.

Point (68): On the ‘dimple’ above (70), where the acetabular lip contour has a bend. 

When the acetabular lip forms a straight line, equally space point (68) and (67) above 

point (69), with the same distance as points (71-72).
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Point (67): Above (68), following the most lateral sclerotic line, with a similar distance 

between points (67-68) as points (71-72).

Pelvic teardrop

Point (75): On the superolateral corner of the visible teardrop (on the wall of the 

acetabular fossa)

Point (77): On the most caudal point of the teardrop.

Point (79): Across (75) on the other side of the teardrop.

Point (76)+(78): Across each other between (75-77-79), at the corners of the teardrop, 

where the more vertical (diverging) lines change direction to more oblique (converg-

ing) lines. This can be a very acute angle or more gradual.

Curve model:

Proximal femur curve: 

0-1-2-3-4-5-6-7-8-9-10-11-12-13-14-15-16-17-18-19-20-21-22-23-24-25-26-27-

28-29-30-31-32-33-34

Greater trochanter curve: 

6-35-36-37-38-39

Posterior wall curve: 

40-41-42-43-44

Ischium & pubis curve: 

44-45-46-47-48-49-50-51-52-53-54-55-56-57-58-59

Foramen curve: 

60-61-62-63-64-65-66

Acetabular roof curve: 

67-68-69-70-71-72-73-74

Pelvic teardrop curve: 

75-76-77-78-79

General rules:

- Osteophytes of the femoral head are included in the model. Follow the outermost 

contour. We can later correct for these with the radiological assessment data.

- Non-identifiable landmarks: missing points (write in separate log file)

- Only follow clear bony structures, not projecting shadows.

- Every hip is different, so not all anatomical landmarks might be clearly visible in 

each radiograph. In case of systematic doubt or error: discuss!
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Supplement 2: Example of the images for qualitative assessment

Below are depicted the visualizations of the acetabular depth-width ratio measurements as 

performed by observer 1, observer 2 and the automated method which were presented to the 

musculoskeletal radiologist for qualitative assessment of the measurement.

Visualization of the acetabular depth-width ratio measurement as performed by observer 1.

Visualization of the acetabular depth-width ratio measurement as performed by observer 2.
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Visualization of the automated acetabular depth-width measurement on unadjusted landmark 
points.
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ABSTRACT

Objective: To determine the association between cam morphology and the develop-

ment of radiographic hip osteoarthritis (RHOA) at four time points within 10-year 

follow-up.

Design: The nationwide prospective Cohort Hip and Cohort Knee (CHECK) study 

includes 1,002 participants aged 45-65 years with 2-, 5-, 8-, and 10-year follow-ups. 

The associations of cam morphology (alpha angle >60°) and large cam morphology 

(alpha angle >78°) in hips free of OA at baseline (Kellgren & Lawrence (KL) grade <2) 

with the development of both incident RHOA (KL grade≥2) and end-stage RHOA (KL 

grade≥3) were estimated using logistic regression with generalized estimating equa-

tion at each follow-up and using Cox regression over 10 years, adjusted for age, sex, 

and body mass index.

Results: Both cam morphology and large cam morphology were associated with the 

development of incident RHOA at all follow-ups with adjusted Odd Ratios (aORs) 

ranging from 2.7 (95% CI 1.8-4.1) to 2.9 (95% CI 2.0-4.4) for cam morphology and 

ranging from 2.5 (95% CI 1.5-4.3) to 4.2 (95% CI 2.2-8.3) for large cam morphology. 

For end-stage RHOA, cam morphology resulted in aORs ranging from 4.9 (95% CI 1 

.8-13.2) to 8.5 (95% CI 1.1-64.4) and aORs for large cam morphology ranged from 6.7 

(95 % CI 3.1-14.7) to 12.7 (95% CI 1.9-84.4).

Conclusion: Cam morphology poses the hip at a 2 to 13 times increased odds for 

developing RHOA within 10-year follow-up. The association was particularly strong 

for large cam morphology and end-stage RHOA, while the strength of association was 

consistent over time.

Keywords: radiographic hip osteoarthritis; cam morphology; cohort study
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INTRODUCTION

Hip osteoarthritis (OA) is one of the most prevalent musculoskeletal conditions affect-

ing the elderly, causing hip pain and functional disability1. The social and economic 

impact of hip OA is steadily rising as the population ages2.

In recent years, hip morphology, including hip dysplasia and cam morphology, has 

been identified as an important risk factor for the development of radiographic 

hip osteoarthritis (RHOA)3-7. Cam morphology represents extra cartilage or bone 

formation at any location around the femoral head-neck junction, which results in a 

non-spherical femoral head8. During hip motion, the cam morphology might impinge 

against and be forced into the acetabular rim, causing repetitive stress on the ac-

etabular labrum and articular cartilage9, 10.

The association between cam morphology and RHOA has been shown in some pro-

spective cohort studies5, 7, 11-16. However, there is considerable heterogeneity between 

those cohorts. Therefore, the strength of association reported varies widely between 

different cohorts, with odds ratios varying between 2.11 (95% CI 1.55–2.87)7 and 

20.6 (95% CI 3.4–34.8)12. One of the explanations for the variance in the strength of 

association between cam morphology and RHOA is the different follow-up times used, 

ranging from 314 to over 25 years15. It has been hypothesized that cam morphology 

leads to rapid development of hip OA11 meaning hip OA develops within a few years 

of follow-up rather than a gradual development over a decade or more. Other reasons 

could be the different definitions used for RHOA and different definitions to quantify 

cam morphology5, 13, 16. To the best of our knowledge, there are no studies showing the 

strength of association over time within the same cohort. Studying different defini-

tions for both cam morphology and RHOA, as well as their association at multiple 

follow-up times, can provide a more detailed understanding of the relation between 

cam morphology and RHOA, which is currently lacking. 

The aim of this study was therefore to determine the strength of association of cam 

morphology and large cam morphology with the development of both incident RHOA 

and incident end-stage incident RHOA at 2-, 5-, 8-, and 10-year follow-up (T2, T5, T8 

and T10).
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METHODS

Study population
The Cohort Hip and Cohort Knee (CHECK) is a nationwide multicenter prospective 

cohort study of 1,002 individuals. From October 2002 until September 2005, all 

participants were recruited in the Netherlands through i) invitation by general prac-

titioners (GP), ii) advertisements and articles in local newspapers and iii) the Dutch 

Arthritis Foundation website.

Individuals were eligible to participate if they had first onset pain and/or stiffness of 

the knee or hip, were aged between 45 and 65 years, and had not yet consulted their 

GPs for these symptoms, or the first consultation was within 6 months before entry. 

Individuals were excluded from the study if they had any other pathological condi-

tion that could explain the symptoms (for hip: previous trauma, fracture, subluxation, 

rheumatoid arthritis, previous hip surgery, bursitis, tendinitis, previously diagnosed 

congenital dysplasia, osteochondritis dissecans, septic arthritis or Perthes’ disease), 

any comorbidity precluding physical evaluation and/or follow-up of at least 10 years, 

malignancy in the past 5 years or inability to understand the Dutch language17, 18. 

Radiological data were collected from 11 general and academic hospitals in the Neth-

erlands. 

The study was approved by the medical ethics committees of all participating centers, 

and written informed consent was obtained from all participants.

Radiography
Standardized weight-bearing anteroposterior (AP) radiographs of the pelvis or hip 

were obtained at baseline and T2, T5, T8 and T10. During acquisition of the AP pelvic 

radiograph, participants were positioned with the lower extremities parallel and with 

15° internal rotation, resulting in the touch of the medial side of the distal part of 

the first phalanx. The X-ray beam was centered on the proximal edge of the pubic 

symphysis. The tube to film distance was 100 cm. Only the first 124 participants who 

entered the CHECK study had an AP hip radiograph of each hip obtained according to 

the same protocol, but with the X-ray beam centered on the groin.

Radiographic measurements
The alpha angle was used to quantify cam morphology. The alpha angle is constructed 

by one line from the femoral head center through the middle of the femoral neck and 

a second line from the femoral head center through a point where the contour of the 

femoral head-neck junction exceeds the radius of the best fitting circle of the femoral 
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head19 (Figure 1). In this study, the alpha angle was calculated automatically in AP 

radiographs using Matlab (V.7.1.0) by a set of landmark points.

We used a previously validated threshold value of > 60° to define the presence of 

cam morphology20. As previous studies21 showed a higher risk of developing OA with 

increasing alpha angle, we also used a threshold of > 78°to define a large cam mor-

phology. This threshold previously showed the best discriminative ability between 

hips that developed and did not develop hip OA21. 

Outcome measures
At baseline and T2, T5, T8 and T10, the AP pelvic and hip radiographs were scored for 

osteoarthritis according to the Kellgren and Lawrence (KL) classification. All available 

radiographs of each participant were scored simultaneously, so that the information 

of all images was used for the KL scoring at each time point. This approach has been 

shown to be more reliable compared to scoring every radiograph independently22. 

From the hips without definite RHOA at baseline (KL grade <2), the development of 

incident RHOA was defined by a KL grade equal or greater than two or a total hip 

replacement (THR) at follow-up and the development of incident end-stage RHOA 

was defined by a KL grade equal or greater than three, or a THR at follow-up. THR 

was included because all hips underwent THR due to hip OA and it was assumed that 

Figure 1. The measurement of alpha angle on an anteroposterior pelvic radiograph. The radiograph 
on the left shows a normal hip with an alpha angle of 51° whereas the right radiograph shows a hip 
with cam morphology resulting in an alpha angle of 72°.
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there will be RHOA present in a more advanced stage before this procedure is be-

ing performed. This was confirmed by the RHOA grades at the visit prior to the THR 

procedure, which almost all showed a KL grade >1.

Statistics
Differences in characteristics between included and excluded hips and between hips 

with and without cam morphology at baseline were evaluated. We used the Mann-

Whitney U test for continuous variables (age and body mass index (BMI) and alpha 

angle) and the chi-square test for dichotomous variable (sex and baseline KL grade). 

To study the association between cam morphology and the development of RHOA on 

a hip level at each follow-up, we used logistic regression with generalized estimating 

equation (GEE), as GEE accounted for statistical dependency between two hips within 

one subject. For each follow-up time point, the inclusion criterion for analysis was the 

availability of a radiograph both at baseline and at the given follow-up time point. The 

comparator group for both alpha angle threshold values for cam morphology was hips 

without cam morphology (alpha angle <60°). The comparator group for both RHOA 

outcomes was hips free of definite RHOA (KL grade<2). Therefore, hips with an alpha 

angle between 60° to 78° as well as with KL grade equal to two were excluded from 

the analysis when respectively large cam morphology as predictor or end-stage RHOA 

as an outcome were used. In addition to quantifying cam morphology as a dichoto-

mous variable, we also present the results of the alpha angle as a continuous variable 

as supplemental data. Cox proportional hazard regression using the same predictors 

and outcomes as the logistic regression model was also used to provide better insight 

in the association between cam morphology and RHOA over time and to allow for 

incomplete follow-up of participants. The strength of association was expressed in 

odds ratios (OR) or hazard ratios (HR) with 95% confidence intervals and corrected 

for age, sex, and BMI. The effect was considered significant at P < 0.05. All statistical 

analyses were performed in IBM SPSS V.26.0 (Windows).

RESULTS

Population
Of the 2004 hips from 1,002 individuals in the CHECK cohort, 1,514 baseline hips 

were included (Table 1). Of the 490 excluded hips, there were 22 hips that did not 

have baseline radiographs available, 6 hips did not have baseline BMI values, 244 

hips had unavailable alpha angle values due to insufficient quality of radiographs, and 

218 hips had a K&L score equal or greater than two at baseline. The complete flow of 

participants (included hips) is provided in the flowchart (Figure 2). 
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Table 1. The difference in baseline characteristics between included and excluded hips.

Baseline characteristics
CHECK study n=2004

Included hips 
n=1514

Excluded hips n=490 P value

Age in years: mean ( SD) 55.6 (5.2) 56.7 (5.2) <0.001

Women, No (%) 1233 (81.4) 347 (70.8) <0.001

BMI, kg/m²: mean ( SD) 26.2 (4.1) 26.0 (3.6) 0.183

KL grade 0, No (%) 1121 (74.0) 162 (33.1) <0.001

KL grade 1, No (%) 393 (26.0) 88 (18.0) <0.001

Alpha angle: mean ( SD) 46.3(12.1) 55.6(18.3) <0.001

BMI: body mass index; KL: Kellgren & Lawrence.

Figure 2. The flow of subjects (hips) from the beginning of the study to baseline and different 
follow-up time points.
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Radiographic hip osteoarthritis
At T2, the prevalence of incident RHOA and incident end-stage RHOA was 5.9% (88 

hips) and 0.5% (7 hips), respectively. Over the next eight years, the prevalence in-

creased steadily with respective values of 14.6% (218 hips) and 1.6% (24 hips) at T5, 

24.7% (346 hips) and 3.2% (45 hips) at T8, and 43.4% (589 hips) and 5.2% (70 hips) 

at T10. 

Association between cam morphology and RHOA
The baseline prevalence of cam morphology (alpha angle >60°) was 8.9% (134 hips) 

and the prevalence of large cam morphology (alpha angle >78°) was 4.7% (71 hips). 

Cam morphology was more prevalent in men than in women, see Supplementary Table 

S1 for all differences in baseline characteristics between hips with and without cam 

morphology. The absolute risk to develop RHOA in hip with cam morphology ranged 

from 14.4% at T2 to 69.2% at T10 (Table 2), while the corresponding values in hip 

without cam morphology were relatively lower (5.1% at T2, 12.8% at T5, 21.6% at T8 

and 40.9% at T10). Cam morphology at baseline was significantly associated with the 

development of both incident and end-stage RHOA at all follow-up time points (Table 

2). The strength of association between cam morphology and incident RHOA ranged 

between 2.7 (95% CI 1.8 -4.1) at T10 and 2.9 (95% CI 2.0-4.3) at T5. For end-stage 

RHOA, the association ranged between 5.3 (95% CI 2.6-10.6) at T8 and 8.5 (95% CI 

1.1-64.4) at T2.
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Large cam morphology was also associated with both incident and end-stage RHOA 

at all follow-up time points (Table 2) and this association seemed to be stronger 

compared to cam morphology defined by an alpha angle > 60°. The association with 

development of incident RHOA ranged between 2.5 (95% CI 1.5 -4.3, T10) and 4.2 

(95% CI 2.0 -8.3, T2). For end-stage RHOA the association ranged from 6.7 (95% CI 

3.1-14.7) at T10 to 12.7 (95% CI 1.5-84.4) at T2.

At each follow-up visit, the alpha angle as a continuous variable was associated with 

development of both incident and end-stage RHOA with aORs ranging from 1.02 (95% 

CI 1.01-1.03) to 1.06 (95% CI 1.02-1.09) for every degree increase in alpha angle 

(Supplementary Table S2).

Similar results were also found from the Cox regression model as all of predictors (cam 

morphology, large cam morphology and continuous alpha angle) showed significant 

association with both incident and end-stage RHOA over 10 years follow-up period 

(Table 3 and Supplementary Table S3).

Table 3. Cox regression model: association between predictors and the development of incident or 
end-stage radiographic hip osteoarthritis over 10 years.

Predictors
Outcome: development of incident RHOA

Outcome: development of end-stage 
RHOA

Crude HR 
(95% CI)

P value aHR (95% CI)
P 
value

Crude HR 
(95% CI)

P value
aHR 
(95% CI)

P value

Cam 
morphology 

(alpha 
angle>60°)

2.2
(1.7-2.7) <0.001 2.1(1.7-2.6) <0.001

4.4
(2.7-7.1) <0.001

4.1
(2.5-6.8) <0.001

Large cam 
morphology 

(alpha 
angle>78°)

2.3
(1.7-3.1) <0.001 2.1(1.5-2.8) <0.001

6.2
(3.6-10.7) <0.001

5.8
(3.4-9.9) <0.001

RHOA: radiographic hip osteoarthritis; aHR: adjusted Hazard Ratio. Results are adjusted for age, sex and body mass 
index.
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DISCUSSION

This prospective cohort study showed a consistent association between cam morphol-

ogy and the development of RHOA within 10 years follow-up. For large cam morphol-

ogy (alpha angle > 78°), the association with the development of RHOA seemed to be 

stronger than cam morphology (alpha angle > 60°). Also, for both cam morphology and 

large cam morphology, the association was stronger when using end-stage RHOA (KL 

grade≥3) as an outcome as compared to incident RHOA (KL grade≥2). Considering the 

wide confidence interval around the odds ratios, further validation on the magnitude 

of association is required for these findings in future larger studies. 

In previously published longitudinal studies on the association between cam mor-

phology and the development of incident RHOA, there seemed to be a trend of weaker 

associations with a longer follow-up time7, 11, 15. This trend contrasts with our findings 

which showed a consistent strength of association for at least 10 years follow-up. 

Previously published prospective cohort studies5, 7, 11, 13-16, however, only used one 

follow-up time point and the trend of association over time in those cohorts is there-

fore unknown. The differences in strength of association between 

previously published cohorts might therefore also be explained by differences in 

cohort characteristics and definitions of RHOA and cam morphology which we showed 

to influence the strength of association. A possibility to overcome this would be to 

harmonize data from previously published cohort studies which might be a topic of 

future research.

The alpha angle threshold value for defining cam morphology is still under debate, 

with a review23 reporting threshold values previously used ranging from 50.5° up to 

83°. However, a recent systematic review20, aiming to identify a threshold value, sug-

gested a 60° cutoff to distinguish between hips with and without cam morphology, 

but also mentioned that a higher threshold value might increase the risk of devel-

oping hip OA. Our findings also supported this, showing a stronger association with 

RHOA for large cam morphology. We reported the alpha angle with threshold values 

for its interpretability and because the alpha angle previously showed a clear bimodal 

distribution in this cohort, thereby having a naturally distinction between hips with 

and without cam morphology21. However, this approach might have some statistical 

drawbacks (loss of power and incomplete correction for confounding factors24-26) 

which is why we also presented the alpha angle as a continuous measure.
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The baseline BMI was included as a covariate in present study. It is indeed unclear 

whether BMI is truly associated with hip OA. Although the relationship between hip 

OA and obesity is not as pronounced as that of knee OA, the causal role of BMI in 

both knee and hip OA has recently been demonstrated in a previous study using first-

release data from the UK Biobank27. Moreover, a recent cohort study with over 18000 

subjects also found positive association between BMI and hip OA28. Given the fact that 

there is still uncertainty around a potential effect of BMI, we decided to include it as 

a confounder in our analysis.

The differences in strength of association between cam morphology and large cam 

morphology might be explained mechanically. A larger cam morphology might create 

an earlier premature contact between the cam and acetabulum during hip motion. This 

earlier premature contact potentially also results in more rapid or extensive cartilage 

damage10. Moreover, during large ranging hip motion, a larger cam morphology could 

cause higher peak contact pressures on the acetabular cartilage6, compared with a 

smaller size cam morphology.

Our data suggested that the presence of both cam morphology and large cam mor-

phology seemed to have stronger associations with the development of incident 

end-stage RHOA than incident RHOA at all follow-up time points over 10 years. The 

pathogenesis of hip OA is heterogeneous and includes mechanical, inflammatory, 

metabolic, biological and genetic factors amongst others29. Cam morphology is a typi-

cal mechanical risk factor, known to develop during adolescence. Hip OA is therefore 

probably the result of a cumulating effect in which the cam is repetitively forced into 

the acetabulum. It is known that this abnormal contact between cam morphology 

and the acetabulum can lead to a complete delamination of the cartilage from the 

subchondral bone, particularly in the anterosuperior region30. The mechanism of cam 

impingement has therefore been suggested that end-stage OA changes in imaging 

can be detected within a 2-to 5-year time frame, which we confirmed with the results 

of our study. Therefore, more research is urgently needed on how we can reverse this 

association through primary or secondary prevention. 

Our findings may have important clinical implications. In these participants who con-

sulted the GP for the first time with first onset of either hip or knee pain, but without 

definite signs of RHOA, a simple measurement (alpha angle) on the same AP radio-

graph can be obtained to assess the risk for developing future RHOA. The risk was 6 to 

13-times increased for a large cam morphology, depending on the follow-up time. The 

absolute risk of hips with cam morphology developing incident RHOA increased from 

14.4% at T2 to 69.2% at T10, with an a priori chance of 5.9% and 43.4% respectively. 
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Identifying such a high-risk subgroup is important to test interventions that might 

prevent or delay the development of hip OA in these individuals. 

The main limitation of this study is the use of AP radiographs, as this view only 

captures the outline of the femoral head-neck junction in the coronal plane. As cam 

morphology is a three-dimensional structure mostly located at the anterolateral as-

pect of the femoral head-neck junction, we may have underestimated the prevalence 

of cam morphology in this study. Still, quantifying cam morphology only on AP view 

was highly predictive for the development of hip RHOA. Also, the reader should be 

aware that participants of CHECK cohort study had first onset symptoms of either hip 

or knee or both and were aged 45-65 years at baseline. Our findings can therefore not 

be generalized to individuals without symptoms or younger and athletic individuals. 

Also, although we excluded hips with definite RHOA at baseline, we cannot rule out 

that these symptoms were already the first sign of OA. Finally, the reader should bear 

in mind that the CHECK cohort excluded those with a suspected non-OA pathological 

condition that could explain the symptoms (such as childhood hip diseases, fracture, 

bursitis amongst others). However, it is difficult to estimate what the influence of this 

exclusion criteria on the results is, because the distribution of cam morphology in 

these groups is unknown.

In conclusion, cam morphology and large cam morphology were consistently associ-

ated with the development of incident and end-stage RHOA over 10 years. The asso-

ciation was stronger in hips with large cam morphology than cam morphology and for 

the development of end-stage RHOA as compared with incident RHOA. Depending on 

the size of cam morphology and definition of RHOA used, odds ratios ranged from 2 to 

13 and the absolute risk ranged from 15% to 69%. Cam morphology can be diagnosed 

before hip OA is present and might therefore be an interesting target for prevention 

of RHOA. 
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Supplementary Table S1. The difference in baseline characteristics between included hips with 
and without cam morphology.

Baseline characteristics
Hips with cam 
morphology n=134

Hips without cam 
morphology n=1380

P value

Age in years: mean ( SD) 56.6(5.1) 55.6(5.2) 0.032

Women, No (%) 67(50.0) 1166(84.5) <0.001

BMI, kg/m²: mean ( SD) 27.5(4.4) 26.1(4.1) 0.001

KL grade 0, No (%) 68(50.7) 1053(76.3) <0.001

Hip pain symptom, No (%) 52(38.8) 540(39.1) 0.941

Knee pain symptom, No (%) 79(59.0) 908(65.8) 0.112

Dropout T2, No (%) 2(1.5) 16(1.2) 1

Dropout T5, No (%) 0(0.0) 2(0.1) 1

Dropout T8, No (%) 11(8.2) 82(5.9) 0.297

Dropout T10, No (%) 1(0.7) 42(3.0) 0.209

BMI: body mass index; KL: Kellgren & Lawrence; T2-T10: 2- to 10-year follow-up; Dropout: the number of new drop-
out cases at each follow-up.

Supplementary Table S2. Logistic regression model: association between continuous alpha angle and 
the development of incident or end-stage RHOA at four follow-ups over 10 years.

Predictors
Follow-

up

Outcome: development of incident 
RHOA

Outcome: development of end-stage 
RHOA

Crude OR 
(95% CI)

P 
value

aOR 
(95% CI)

P 
value

Crude OR 
(95% CI)

P 
value

aOR 
(95% CI)

P 
value

Continuous 
alpha angle

T2
1.03
(1.021.04) <0.001

1.03
(1.021.04) <0.001

1.06
(1.041.09) <0.001

1.06
(1.021.09) 0.001

T5
1.03
(1.021.04) <0.001

1.03
(1.021.04) <0.001

1.04
(1.021.06) <0.001

1.04
(1.021.06) <0.001

T8
1.02
(1.021.03) <0.001

1.02
(1.011.03) <0.001

1.04
(1.021.05) <0.001

1.04
(1.021.05) <0.001

T10
1.02
(1.011.03) <0.001

1.02
(1.011.03) <0.001

1.04
(1.031.05) <0.001

1.04
(1.031.05) <0.001

RHOA: radiographic hip osteoarthritis; aOR: adjusted Odds Ratio; T2-T10: 2- to 10-year follow-up. Results are adjusted 
for age, sex and body mass index.
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Supplementary Table S3. Cox regression model: association between continuous alpha angle and 
the development of incident or end-stage radiographic hip osteoarthritis over 10 years.

Predictors
Outcome: development of incident RHOA Outcome: development of end-stage RHOA

Crude HR 
(95% CI)

P value
aHR 
(95% CI)

P value
Crude HR 
(95% CI)

P value
aHR 
(95% CI)

P value

Continuous 
alpha angle

1.02
(1.01-1.02)

<0.001
1.02
(1.01-1.02)

<0.001
1.04
(1.03-1.05)

<0.001
1.04
(1.03-1.05)

<0.001

RHOA: radiographic hip osteoarthritis; aHR: adjusted Hazard Ratio. Results are adjusted for age, sex, and body mass 
index.
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ABSTRACT 

Importance: Cam morphology, an extra bone formation around the femoral head-neck 

junction, has been reported as a risk factor for the development of radiographic hip 

osteoarthritis (RHOA), but the strength of association is not well understood. By using 

all globally available prospective cohort data on RHOA and by applying uniform radio-

graphic measurements, the results can be more accurate and generalizable.

Objective: To assess the relationship between cam morphology and the development of 

RHOA, overall and in subgroups based on age, biological sex, and body mass index (BMI).

Design, setting, and participants: In this individual participant data meta-analysis of 

prospective cohort studies, the association between baseline cam morphology and the 

development of RHOA was assessed by a three-level mixed-effects logistic regression 

model (hip side, individual, and cohort). A total of 23,886 hips from the World COACH 

consortium, with 4-8 years follow-up, were included (mean age: 62.2±8.4 years; 70.6% 

female; BMI: 27.4±4.5).

Exposure: 1. Baseline cam morphology defined as an alpha angle ≥60°. 2. The alpha 

angle as a continuous measure.

Main Outcome: The development of incident RHOA was defined by the transition from 

free RHOA at baseline to definite RHOA at 4-8 years follow-up.

Results: Cam morphology prevalence was 9.5% at baseline, and 2.1% of all hips devel-

oped RHOA. Significant associations were observed between cam morphology and the 

development of incident RHOA (odds ratio: 1.87, 95%CI 1.36-2.59), and greater alpha 

angle and RHOA (odds ratio 1.02, 95%CI 1.01-1.03 for every degree increase). The 

overall relative risk of developing RHOA in hips with cam morphology was 1.62 (95%CI 

1.26-2.07), greatest for those aged 51-60 years (2.15, 95%CI 1.55-2.98) and in males 

(2.50, 95%CI 1.67-3.73).

Conclusion and Relevance: Hips with cam morphology have nearly double the odds 

of developing RHOA within 4-8 years, compared to hips without cam morphology. The 

relative risk was highest in subgroups of participants aged 51-60 years and males, mak-

ing cam morphology an interesting target for primary or secondary prevention of RHOA. 

Keywords: cam morphology; radiographic hip osteoarthritis; prospective cohort study.
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INTRODUCTION 

Osteoarthritis (OA) is a highly prevalent musculoskeletal condition worldwide, affecting 

15% of individuals aged 30 and older1. Its global prevalence (7.6% in 2020) is expected 

to surge in the coming decades, followed by its heavy socioeconomic costs2. Currently, 

hip OA management remains predominantly reactive, given the absence of curative 

treatments. This underscores the imperative need for a deeper and more thorough 

understanding of its aetiology and risk factors.

A potential risk factor for radiographic hip OA (RHOA) is cam morphology3. It is charac-

terized by the presence of additional bone formation of varying size around the femoral 

head-neck junction, resulting in a non-spherical femoral head 4. This incongruity of the 

hip joint can result in abnormal contact between the femoral head-neck junction and 

the acetabulum during motion, a process referred to as femoroacetabular impingement 

(FAI). This may, in turn, cause pain and cartilage damage already in young adults and 

eventually progress to OA5.

The association between cam morphology and RHOA has been demonstrated previ-

ously6-11. A recent systematic review could only identify three prospective studies and 

found odds ratios (ORs) ranging from 2.12 to 3.67 and ORs ranging from 4.57 to 10.38 

in four cross-sectional studies12. The reported inconsistency can be attributed not only 

to variations in the definition of cam morphology and RHOA but also to differences in 

demographic characteristics, and differences in measurement technique of cam mor-

phology which limit the generalizability of findings. Combining data from existing 

cohort studies and uniformly measuring cam morphology to undertake individual par-

ticipant data (IPD) meta-analysis could address that with a larger combined sample size, 

standardized automated measurements, and the ability to consider both cohort- and 

participant-level heterogeneity jointly13. 

Thus, our primary aim was to assess the association between cam morphology at 

baseline and the subsequent development of incident RHOA over a 4-8 years follow-up 

period using an IPD meta-analysis based on harmonized data from nine prospective 

cohorts, the largest study to date. Additionally, we aimed to conduct various interac-

tion and subgroup analyses stratified by sex, age groups, and body mass index (BMI), to 

comprehensively understand the role of cam morphology in the development of RHOA. 
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METHODS

Study population
The Worldwide Collaboration on Osteoarthritis Prediction for the Hip (World COACH) 

consortium is an international collaboration currently comprising eleven prospective 

cohort studies and has previously been described in detail14. Data from the following 

included studies were used in this study: the Cohort Hip and Cohort Knee (CHECK) 

study15, the Chingford study16, the Johnston County Osteoarthritis Project (JoCoOA)17, 

the Multicenter Osteoarthritis Study (MOST)18, the Osteoarthritis Initiative (OAI)19, the 

Rotterdam Study (RS, including three subcohorts: RS1, RS2 and RS3)20, the Study of 

Osteoporotic Fractures (SOF)21.

For the current study, hips were excluded if they had missing baseline demographic 

data, no or insufficient quality baseline radiographs, or absence of RHOA scores at 

either baseline or follow-up. We only included hips that showed no signs of RHOA at 

baseline to focus on the development of incident RHOA, eliminating potential influ-

ence from early RHOA signs that could affect alpha angle measurements. 

Radiographs
At baseline and follow-up, anteroposterior (AP) radiographs of the hip or pelvis 

were obtained according to the respective protocols of each cohort study15-21. The 

CHECK, OAI, and RS cohorts utilized standardized weight-bearing radiographs, while 

the Chingford, JoCoOA, and SOF cohorts employed standardized supine radiographs. 

Additionally, the MOST cohort used standardized weight-bearing AP full-limb radio-

graphs of the lower extremities. 

Cam morphology 
The alpha angle is a recommended radiological measurement to quantify cam mor-

phology4. It is measured as the angle between the femoral head-neck axis and another 

line drawn from the femoral head center to the first point where the bony contour 

of the head-neck junction leaves the best-fitting circle around the femoral head22 

(Figure 1). In the present study, the alpha angle was automatically and uniformly 

measured on all baseline radiographs23. First, the bony margin of the proximal femur 

was automatically annotated with landmark points using the BoneFinder® software 

(www.bone-finder.com; The University of Manchester, UK)24. Subsequently, the alpha 

angle was measured by an in-house developed, open-access and validated method 

based on these landmarks. The automated method was validated by comparison to 

manual measurements, with inter-method and intraclass correlation coefficients of 

0.81 (95%CI 0.46-0.92) on dual-energy x-ray absorptiometry (DXA) images25 and 0.46 
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(95%CI 0.12-0.70) on AP pelvic radiographs 26, respectively. A validated alpha angle 

threshold value of >60° was used to define the presence of cam morphology4, 27. As 

dichotomizing continuous measures may limit statistical power, we also investigated 

the effect of the alpha angle as a continuous variable4. 

Outcome measures
Among the cohorts included in the World COACH consortium, three classifications for 

RHOA grading were used, namely the Kellgren and Lawrence (KL)15-18, 20, the Croft21, 

and the atlas of individual radiographic features in osteoarthritis (OARSI atlas)19. 

These RHOA scores were harmonized into three ordinal categories through a unified 

interpretation: ‘free of RHOA’ (any score of 0), ‘doubtful RHOA’ (any score of 1), and 

‘definite RHOA’ (any score ≥ 2 or total hip replacement (THR)). The development of 

RHOA was defined by a transition from being ‘free of RHOA’ at baseline to having 

‘definite OA’ at follow-up.

Statistics
Descriptive statistics were used to analyze the baseline characteristics of the included 

hips, stratified by cohort. Baseline characteristics were compared between hips in-

cluded in the analyses versus those hips that were excluded at baseline (independent 

t-tests for continuous variables, and chi-square tests for categorical variables). 

To assess the association between baseline cam morphology and subsequent RHOA 

development, a three-level mixed-effects logistic regression model (hip side, indi-

vidual, and cohort) was employed. This model accounted for the clustering of two 

Figure 1. Measurement of the alpha angle on anteroposterior radiographs. A: the alpha angle is the 
angle between the femoral neck axis (which passes through the center of the femoral head and the 
femoral neck) and a line connecting the femoral head center and alpha point (red point), where 
the contour of the femoral head-neck junction begins to leave the best-fitting circle of the femoral 
head; B: Hip with an alpha angle of 78°; C: Hip with an alpha angle of 47°.
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hips from a single participant and among individuals and included cohorts. Results 

were expressed as odds ratios with 95% confidence intervals (CIs) and were adjusted 

for age, sex, and BMI. The association between the continuous alpha angle and RHOA 

development was assessed using the same method. All analyses were repeated for 

sensitivity purposes by excluding the MOST cohort, as this was the only cohort with 

full-limb radiographs and thus a different radiographic projection of the pelvis.

In the primary analysis, doubtful RHOA cases at follow-up were defined as the refer-

ence group together with free RHOA cases, which might influence the findings for 

definite RHOA. The influence of the development of ‘doubtful RHOA’ to ‘definite 

RHOA’ was assessed using a forward continuation ratio model, given that this transi-

tion is often considered a critical and irreversible step. This model treated RHOA as an 

ordinal outcome, “free of RHOA,” “doubtful RHOA,” and “definite RHOA”, and relaxed 

the ordinality assumption for cam morphology. Results were presented as an effect 

plot of marginal probabilities, adjusted for random effects with mean baseline age 

and BMI and randomly selected right hip side and for female and male respectively. 

We also investigated potential interaction effects between cam morphology and 

demographic factors (sex, age, and BMI) using unadjusted logistic regression models. 

Significant interactions prompted further analysis to compute odds ratios for each 

demographic factor, considering females as the reference group for sex, and treat-

ing age and BMI as continuous variables. Subsequent analyses stratified the data by 

sex, specific age groups (40-50, 51-60, 61-70, and over 70 years), and BMI categories 

(normal: BMI < 25, overweight: BMI ≥ 25). It was not possible to perform the aforemen-

tioned analyses in every subgroup due to restricted numbers, instead we provided 

descriptive statistics, including absolute risk and relative risk, for developing RHOA.

Statistical significance for the primary analyses and interaction effects was deter-

mined at a level of P < 0.05. Univariate analyses were performed with IBM SPSS Sta-

tistics (version: 26.0) and other analyses were conducted using R Statistical Software 

(version: 4.1.1, The R Foundation, used package: Lme4, GLMMadaptive, and ggplot2).

RESULTS

Baseline participant characteristics
The World COACH consortium included available data from 77,230 hips in total. After 

excluding those with missing or insufficient-quality data, 38,811 hips were available 

at baseline for this study (Figure 2). From this group, 14,925 hips were excluded due 
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to definite or doubtful signs of RHOA at baseline, leaving 23,886 hips for inclusion in 

the final analyses. 

At baseline, excluded hips were from older individuals and had a higher prevalence of 

cam morphology (Table 1). Results stratified by cohort are provided in supplementary 

Table S1. 

Figure 2. Complete flow of hips from the original dataset to the baseline of this study
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Association between cam morphology and radiographic hip 
osteoarthritis
The prevalence of cam morphology at baseline was 9.5% (n=2,271). The incidence 

of RHOA was 3.2% in hips with cam morphology and 2.0% in those without. Detailed 

results per cohort are provided in supplementary Table S1. Cam morphology (alpha 

angle ≥ 60°) was associated with the development of incident RHOA with an odds 

ratio of 1.87 (95%CI 1.36-2.59). A significant association was also observed between 

the continuous alpha angle and RHOA development with an odds ratio of 1.02 (95%CI 

1.01-1.03) for each degree increase in alpha angle (the crude ORs are provided in 

supplementary Table S2).

The effect plot of the marginal probabilities of the forward continuation ratio model 

is provided in Figure 3. All marginal probabilities were calculated in male or female 

aged 62 years with a BMI of 27 kg/m2. Marginal probabilities indicated that cam 

morphology increased the likelihood of developing doubtful RHOA to 21% (95% 

CI:15%-27%) in females and 23% (95% CI: 16%-30%) in males, compared to 17% 

(95% CI:11%-23%) and 18% (95% CI: 11%-25%) in those without, respectively. For 

definite RHOA, probabilities were 5% (95% CI: 2%-10%) in females and 4% (95% CI: 

1%-9%) in males with cam morphology, versus 2% (95% CI: 1%-6%) in females and 2% 

(95% CI: 1%-5%) in males without.

Table 1. The difference in characteristics between included and excluded hips at baseline.

Baseline characteristic
Baseline of this study

Included hips 
(n=23,886)

Excluded hips 
(n=14,925) P value

Age in years: mean ( SD) 62.21(8.36) 65.40(8.43) <0.001

Women, No (%) 16,875(70.6) 10,636(71.3) 0.195

BMI, kg/m²: mean ( SD) 27.35(4.48) 27.56(4.75) <0.001

Alpha angle, °: mean ( SD) 46.40(10.17) 48.11(11.98) <0.001

Cam morphology: No (%) 2,271(9.51) 2,128(14.26) <0.001

No RHOA: No (%) 23,886(100) 0(0) -

Doubtful RHOA: No (%) 0(0) 12,368(82.90) -

Definite RHOA: No (%) 0(0) 2,557(17.10) -

 SD: standard deviation; BMI: body mass index; RHOA: radiographic hip osteoarthritis.



4

79

The sensitivity analysis excluded 2,009 hips with full-limb radiographs from the 

MOST cohort, leading to a total of 21,377 hips for analysis. The association between 

cam morphology (alpha angle ≥ 60°) and the development of incident RHOA showed 

similar results with an odds ratio of 1.82 (95%CI 1.31-2.52) and 1.02 (95%CI 1.01-

1.03) for continuous alpha angle.

Interaction effect and subgroup analyses
The interaction analysis revealed a significant interaction between sex and cam mor-

phology in the development of incident RHOA (P value: 0.014), but not for cam mor-

phology with age (P value: 0.417) or BMI (P value: 0.387). Specifically, male hips with 

cam morphology showed an odds ratio (OR) of 3.09 (95%CI 1.38-6.90) for developing 

RHOA compared to those without cam morphology. In contrast, an OR of 1.36 (95%CI 

0.87-2.11) was observed in female. The absolute risk and relative risk of develop-

ing RHOA for hips with cam morphology in subgroup analyses stratified by sex, age 

groups, and BMI categories are provided in Table 2. The higher relative risk was found 

in 51-60 years group (2.15, 95%CI 1.55-2.98) compared to other age subgroups and 

the male group (2.50, 95%CI 1.67-3.73) compared to the female group.

Figure 3. The effect plot of the marginal probabilities of RHOA within 4-8 years for females and 
males, aged 62 years, and BMI of 27 kg/m2. 
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DISCUSSION

In this IPD meta-analysis, both cam morphology defined by an alpha angle ≥60°, as 

well as higher alpha angle as a continuous variable, were significantly associated with 

the development of incident RHOA within a 4-8 year follow-up period. By using the 

largest sample size to date, with a reliable automated measurement across cohorts 

and excluding doubtful RHOA cases at baseline, the findings of this study provide a 

robust estimate. Also, the large sample size allowed subgroup analysis which showed 

that the strength of association was highest in males and in the age group 51-60 years. 

The considerable variability in previously reported findings may stem from differ-

ences in population, measurement of the alpha angle, and definition of RHOA. First, 

demographic characteristics varied widely in previous studies, such as a mean age 

below 50 years28 versus over 60 years7, a mean BMI greater than 3029 versus less than 

2630, and asymptomatic versus symptomatic individuals30. Although recent studies 

consistently used an alpha angle threshold value of 60° to define the presence of 

cam morphology, the methods used to calculate the alpha angle differed. Lastly, some 

studies defined the development of RHOA as a transition from KL grade <3 at baseline 

Table 2. The absolute risk and relative risk for developing RHOA stratified by age, sex, or BMI 
groups.

Subgroup N (%)
Alpha angle, 
°: mean 
(±SD)

Cam 
morphology: 
No (%)
in hips 
with cam 
morphology

RHOA

Absolute 
Risk (%)

Relative 
Risk 
(95%CI)

in hips 
without 
cam 
morphology

Age in 
years

40-50
2,083
(8.7)

48.27
(11.38)

287
(13.8) 5 49 1.7

0.64
(0.261.59)

51-60
8,155
(34.1)

46.90
(10.56)

853
(10.5) 43 171 5

2.15
(1.552.98)

61-70
9,340
(39.1)

45.84
(9.82)

768
(8.2) 17 143 2.2

1.33
(0.812.18)

over 
70

4,308
(18.0)

45.78
(9.57)

363
(8.4) 7 61 1.9

1.25
(0.572.71)

Biological 
sex

Female
16,875
(70.6)

44.26
(8.65)

853
(5.1) 34 364 4

1.75
(1.242.48)

Male
7,011
(29.4)

51.56
(11.62)

1,418
(20.2) 38 60 2.7

2.50
(1.673.73)

BMI, kg/
m²

<25
7,880
(33.0)

45.30
(9.82)

602
(7.6) 24 169 4

1.72
(1.132.61)

≥25
16,006
(67.0)

46.95
(10.30)

1,669
(10.4) 48 255 2.9

1.62
(1.192.19)

RHOA: radiographic hip osteoarthritis
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to KL grade >3 at follow-up29, while others defined it as a KL grade ≥ 2 at follow-up 

from those with KL grade <2 at baseline. These differences limit the generalizability 

of each study’s results, confining them to specific populations.

By taking above variabilities into account, our finding on the association between cam 

morphology and RHOA development showed a lower OR of 1.87 (95% CI 1.36-2.59), 

comparing to previous reported results. The association between the continuous 

alpha angle to RHOA showed similar lower strength [OR: 1.02 (95% CI 1.01-1.03)], 

compared to previous OR of 1.63 (95% CI 1.58-1.67) found in the UK Biobank study31. 

In our study, the harmonized database provided a more generalized population and a 

uniform, automated measurement of the alpha angle. Additionally, by using a three-

category outcome, we defined and excluded doubtful RHOA cases at baseline from 

the analyses, aiming to clarify the association with incident RHOA. These points will 

be discussed below.

Excluding hips with doubtful RHOA at baseline impacted the observed association 

between cam morphology and RHOA development, likely accounting for the lower 

association strength compared to prior studies. Our study, with its large sample size, 

allowed us to analyze a substantial dataset even after removing 12,368 hips with 

doubtful RHOA at baseline. Previous research included these hips in their non-RHOA 

groups, potentially influencing the actual results, particularly the transition from 

being free of RHOA to developing definite RHOA. Doubtful RHOA, characterized by 

uncertain joint space narrowing and possible osteophyte formation32-34, often pre-

cedes more definitive RHOA, thereby influencing outcomes. Results from our forward 

continuation ratio model support this by higher marginal probabilities for both 

developing doubtful and definite RHOA in hips with cam morphology. For example, 

the CHECK study previously reported a 23.8% incidence of RHOA at the 8-year follow-

up30, whereas our study noted only a 13% incidence in the same cohort under the 

updated criteria. The inclusion of doubtful cases may overestimate RHOA prevalence 

and lead to baseline misclassification of cam morphology. Radiological signs of RHOA, 

like osteophyte formation or femoral head flattening, can alter the alpha angle, 

often resulting in higher measurements. This was supported by our findings, where 

excluded hips displayed larger alpha angles than those included, suggesting early 

structural changes indicative of RHOA progression.

While the AP radiograph might not be the gold standard for measuring cam morphol-

ogy, its effectiveness in predicting RHOA has been demonstrated in our findings as 

well as in previous studies8, 35. Cam morphology is a three-dimensional structure, and 

different planes in CT and MRI images provide more detailed information compared to 



82

Chapter 4  |  Cam morphology and RHOA in the World COACH consortium

two-dimensional techniques. However, the use of CT and MRI for large-scale screening 

is limited due to being time-consuming, expensive, and higher requirements for facili-

ties and radiologists. Therefore, radiographs may be the best solution as a screening 

tool for large samples. Cam morphology is mostly located at the anterosuperior part 

of the femoral head-neck junction, and the more superiorly located cam morphologies 

are captured well in the AP view36. Our sensitivity analysis, which excluded the MOST 

study with full-limb radiographs, also indicates that minor differences in radiographic 

protocol will not obviously influence capturing and defining cam morphology. How-

ever, the readers should keep in mind that the influence of using full-limb radiographs 

may be underestimated due to the large overall sample size, with the MOST cohort 

contributing only 9% of the total sample.

Our analyses included participants’ baseline age, biological sex, and BMI as confound-

ers. Structural changes of RHOA have been found to occur with increasing age and show 

differences between sexes37. Although the causal factor of obesity in the incidence 

and progression of OA is more pronounced in the knee joint compared to the hip38, 39, 

recent studies suggest a potential causal role in hip OA as well 40-42. Generally, obesity 

can lead to abnormal biomechanical loading on weight-bearing joints, therefore we 

included BMI as a confounder in analyses, despite the current inconclusiveness of 

obesity’s role in hip OA. 

Our findings showed that cam morphology is a notable risk factor for developing RHOA 

in individuals without any existing radiographic signs of hip OA. Early identification 

through simple radiographic measurements can help identify high-risk groups before 

the development of complaints. This early detection enables preventive measures 

through lifestyle and physical activity interventions, potentially mitigating the risk 

of developing RHOA. These findings highlight the importance of further investigating 

the aetiology of cam morphology. Although cam morphology remains stable after 

skeletal maturity, its formation could potentially be influenced during skeletal growth 

making it a target for primary prevention43. Interestingly, our results suggest that cam 

morphology may not pose as high a risk for developing RHOA as previously believed. A 

recent study on cam morphology showed that not all shape variants captured by alpha 

angle ≥60° are relevant to the development of RHOA44. Future research should focus 

on subtypes of cam morphology and identifying those specifically linked to RHOA. 

Also, cam morphology is a radiological finding, combining this with the presence of 

symptoms and clinical signs associated with FAI syndrome can enhance the prediction 

of who will develop RHOA45.
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Descriptive subgroup analyses from our study indicate that the risk of developing 

RHOA due to cam morphology does not consistently increase with age. Individuals 

aged 51-60 are at a higher risk compared to other age groups, suggesting that middle-

aged individuals may especially benefit from preventative strategies. Additionally, 

males exhibit a higher risk of RHOA than females, likely due to the higher mean alpha 

angle which is associated with cartilage defects and labral tears28 and absolute higher 

prevalence of cam morphology. However, our findings show no obvious difference in 

RHOA risk between individuals with a BMI below 25 and those above 25, suggesting 

that BMI may not significantly influence the relationship between cam morphology 

and RHOA. This finding aligns with the majority of previous related studies, although 

a few research have recently shown an association between severe cam morphology 

and higher BMI6. These insights highlight the need to consider various demographic 

and physical characteristics in RHOA prevention strategies.

Our study has several limitations. First, we relied solely on AP radiographs to quantify 

cam morphology. While we recognize the practicality of radiographs for large-scale 

studies, they are less detailed compared to MRI or CT scans and underestimate the 

prevalence of cam morphology. Second, our findings are limited by the age demo-

graphics of our sample, with a mean age of 62 years, making them less applicable to 

individuals under 40 years old, despite the age range spanning from 40 to over 70 

years. Then, we did not consider the influence of other hip morphologies, such as hip 

dysplasia and pincer morphology, which may also contribute to the development of 

RHOA and thus impact the association between cam morphology and RHOA. 

In conclusion, cam morphology defined by both alpha angle ≥ 60° and greater continu-

ous alpha angle is associated with the development of RHOA over 4-8 years follow-up. 

Important strengths of this analysis include the combination of populations from 

diverse cohorts, uniform calculation for alpha angle and more strict definition for the 

development of RHOA, supporting the robust and generalizable nature of our find-

ings. Our results warrant further research in preventive measures for cam morphology 

to halt or delay the development of hip OA. 
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Table S2. Association of cam morphology and continuous alpha angle with the development of 
RHOA at 4-8 years follow-up 

　

N

Hips develop 
definite 
RHOA at 
follow-up

Absolute risk 
(%)

Crude odds ratio
(95% CI）

Adjusted odds 
ratio
(95% CI）

Cam morphology 
(alpha angle ≥ 60°) 2,271 72 3.2 1.77(1.29-2.43) 1.87(1.36-2.59)

Continuous alpha 
angle 23,386 462 - 1.02(1.01-1.03) 1.02(1.01-1.03)

The odds ratio was adjusted for age, biological sex, and body mass index.
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ABSTRACT 

Objectives: To determine the association between baseline cam morphology and 

self-reported hip pain assessed at annual visits over a 10-year follow-up period strati-

fied by biological sex. The secondary aim was to study the association between the 

magnitude of cam morphology and the severity of pain in symptomatic hips.

Methods: The nationwide prospective Cohort Hip and Cohort Knee (CHECK) study 

includes 1,002 participants aged 45-65 years. Logistic regression with general-

ized estimating equations were used to determine the strength of the associations 

between (1) baseline cam morphology (both alpha angle ≥60° and as a continuous 

measure) and the presence of hip pain at 10 annual follow-up visits and (2) the alpha 

angle (continuous) and the severity of pain as classified by Numerical Rating Scale 

at 5-,8-, 9-, and 10-years. The results are expressed as odds ratios (OR), adjusted for 

age, biological sex (only in the sex-combined group), body mass index, and follow-up 

Kellgren and Lawrence grade.

Results: In total, 1,658 hips were included at baseline (1,335 female hips (79.2%)). 

The prevalence of cam morphology was 11.1% among all hips (29.1% in males; 6.4% 

in females). No association was found between cam morphology at baseline and the 

presence of hip pain at any follow-up in the female or sex-combined group. In males, 

only at 5-year follow-up, significant adjusted ORs were observed for the presence of 

cam morphology (1.77 (95%CI: 1.01-3.09)) and the alpha angle (1.02 (95%CI:1.00-

1.04)). No evidence of associations was found between the alpha angle and the sever-

ity of hip pain in any of three groups.

Conclusion: Within this study, no consistent associations were found between cam 

morphology and hip pain at multiple follow-ups. There might be a weak relationship 

between cam morphology and hip pain in males, while no such relation was found in 

females. We did not identify an association between the alpha angle and severity of 

hip pain.

Keywords: cam morphology; hip pain; femoroacetabular impingement.
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INTRODUCTION

Femoroacetabular impingement syndrome (FAIs) is a motion-related clinical disorder 

of the hip1 and a common cause of hip pain in young adults2. It is characterized by 

abnormal contact (impingement) between the femoral head-neck junction and ac-

etabular rim during hip motion, which is thought to cause damage to the acetabular 

labrum and articular cartilage3-5. Cam morphology has been identified as an important 

type of hip morphology associated with FAIs1, 6. It represents extra bone formation in 

the anterolateral head-neck junction resulting in a non-spherical femoral head7.

The primary symptom of FAIs is motion- or position-related anterior or anterolateral 

hip or groin pain1, 2, 8, 9. However, a substantial proportion of individuals with cam mor-

phology are asymptomatic. Consequently, the precise determination of those at risk 

of experiencing hip pain among individuals with cam morphology remains unknown. 

In previous studies, the attempts to relate cam morphology to hip pain have yielded 

conflicting results. Allen et al10 and Khanna et al11 demonstrated that cam morphology 

would put individuals at 2.6- and 4.3-time higher risk of developing hip pain, respec-

tively. Similarly, Larson et al12 and Guler et al13 found in their cross-sectional studies 

that a greater alpha angle was associated with hip and/or groin pain in athletes. 

Scholes et al14 found cam morphology measured in the Dunn 45° view but not in the 

anteroposterior (AP) view was related to worse pain. Conversely, Heery et al15 found 

that cam morphology was unrelated to the presence or severity of hip pain in football 

players. This finding was also supported by other studies16-20. 

Besides populations with different levels of hip motion activity16, 17, 21 and differ-

ent definitions for cam morphology, there might also be other explanations for the 

conflicting results between cam morphology and hip pain such as the duration and 

frequency of follow-up and differences in biological sex. The fluctuating nature of 

pain may yield different outcomes within the same population using the same defini-

tion at different time points. A recent study revealed that relevant fluctuations in hip 

pain were found in 37% of participants over a 10-year follow-up period22. Therefore, 

multiple follow-ups may help to provide more concise data on hip pain. Moreover, 

cam morphology was recently found to be associated with hip pain in males but not 

in females20, which raises the question of whether biological sex also plays a role in 

the association between cam morphology and hip pain. Cam morphology manifests 

differently between sexes as males usually have a higher prevalence23 and greater 

magnitude of cam morphology than females24, 25. This might affect the association 

with hip pain as well. 
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Exploring the relationship between cam morphology and hip pain at multiple time 

points and in both sexes separately could offer a more comprehensive understanding 

of the role of cam morphology in the presence and severity of hip pain. Therefore, the 

aim of this study was to determine the association between baseline cam morphology 

and hip pain at baseline and annual visits over 10 years of follow-up for male and 

females. We also aimed to determine the association between the alpha angle and the 

severity of hip pain in symptomatic.

METHODS

Study population
The Cohort Hip and Cohort Knee (CHECK) study constitutes a nationwide multicenter 

prospective cohort involving 1,002 individuals. Between October 2002 and Septem-

ber 2005, the study recruited all participants within the Netherlands26, 27. Individuals 

were eligible to participate if they had first onset of pain and/or stiffness of either 

the knee or hip; were between 45 and 65 years old; had not yet consulted their GP 

for these symptoms, or the first consultation was within 6 months before entry. Indi-

viduals were excluded if they had any other pathological condition that could explain 

their symptoms, any comorbidity precluding physical evaluation and/or follow-up of 

at least 10 years, malignancy in the past 5 years or inability to understand the Dutch 

language. Radiological data was collected within 11 general and academic hospitals 

in the Netherlands. 

For the present study, data was collected from the CHECK cohort at hip level. Hips 

without complete demographic data or a high-quality baseline radiograph were ex-

cluded from the analysis. 

The study was approved by the medical ethics committees of all participating centers, 

and written informed consent was obtained from all participants.

Baseline radiography and cam morphology
Standardized weight-bearing anteroposterior (AP) radiographs of the pelvis or hip 

were obtained at baseline and 2-, 5-, 8-, and 10-year follow-ups. During acquisition 

of the AP pelvic radiograph, participants were positioned with the lower extremities 

parallel and with 15° internal rotation, resulting in the touch of the medial sides of 

the distal part of the big toes. The X-ray beam was centered on the proximal edge of 

the pubic symphysis. The tube to film distance was 100 cm. The first 124 participants 
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who entered the CHECK study had an AP hip radiograph of each hip obtained accord-

ing to the same protocol but with the X-ray beam centered on the groin.

We used the alpha angle, a commonly applied and agreed upon method, to quantify 

cam morphology7, 28. On the baseline AP radiographs, the alpha angle was constructed 

by one line from the femoral head center through the middle of the femoral neck and 

a second line from the femoral head center through a point where the contour of the 

femoral head-neck junction exits the radius of the best fitting circle of the femoral 

head29 (Figure 1). In this study, the alpha angle was calculated automatically on AP 

radiographs from the landmark points set of the SSM software by a MATLAB script 

(V.7.1.0). The previously published intraclass correlation coefficients were: 0.73 for 

interobserver reliability, and intra-observer reliability ranged from 0.85 to 0.998, 30. 

To determine the presence of cam morphology, a cut-off alpha angle value of ≥60° 

was used. This specific value was validated in a recent systematic review31, as it best 

distinguished between hips having cam morphology and those without. Furthermore, 

we adopted this dichotomous threshold value because the CHECK cohort previously 

showed a bimodal distribution of the alpha angle around 60° 32. 

Figure 1. The alpha angle as measured on an anteroposterior pelvic radiograph (1a: alpha angle: 
43°; 1b: alpha angle: 79°).
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Hip pain
At baseline and subsequent annual follow-up visits over 10 years (1-year to 10-year 

follow-up), data regarding hip pain were collected by self-reported questionnaires. 

Participants were asked to answer whether they experienced pain in their left and/

or right hip (responding with “yes” or “no”) for the past week. Their answers were 

used to define the presence of hip pain. In addition, at 5-, 8-, 9-, and 10-year follow-

ups, participants were specifically asked to report the intensity of pain they had 

experienced in relation to their left or right hips during the preceding week. Hip pain 

intensity was assessed by the Numerical Rating Scale (NRS) with score ranging from 

0 to 10 (higher scores indicating more pain). Given the limited number of high NRS 

scores observed, scores from symptomatic hips (NRS score >0) were categorized into 

three groups to define the severity of hip pain: mild pain (NRS score: 1-3), moderate 

pain (NRS score:4-6) and severe pain (NRS score:7-10). 

Statistical analysis
Descriptive statistics were used to analyze the baseline characteristics with mean 

and standard deviation for continuous variables and frequencies and percentage for 

categorical variables. The independent t-test was used for comparisons of continuous 

variables and chi-square test for categorical variables between the following groups: 

included hips vs excluded hips; hips with cam morphology vs hips without; male hips 

vs female hips. Hips excluded from analysis at each visit encompassed those with 

missing or insufficient quality of radiographs at baseline, as well as hips that under-

went a total hip replacement at follow-up or those lost to follow-up. For our primary 

aim, binary logistic regression was used to determine the association between cam 

morphology and hip pain on hip-level at baseline and each follow-up visit over 10 

years. Cam morphology was presented in two ways: as a dichotomous variable indi-

cating the presence of cam morphology31, 32 and as a continuous variable representing 

the alpha angle value. To determine the association between the alpha angle and hip 

pain severity, asymptomatic hips at each visit were excluded and ordinal logistic re-

gression was used. All tests were independent of each other and were performed with 

generalized estimating equations (GEE), as GEE accounts for statistical dependency 

between two hips within one subject. All analyses were adjusted for age, biological 

sex (only in sexes combined group), body mass index (BMI) at baseline, Kellgren & 

Lawrence (KL) grade at follow-up and expressed in odds ratios with 95% confidence 

intervals. It should be noted that we only acquired follow-up KL grades at 2-,5-,8-, and 

10-year follow-ups. For tests at other time points without KL grades, the nearest pre-

viously available follow-up KL grade was adjusted, taking into account the irreversible 

nature of pathophysiological changes in hip osteoarthritis. Subsequently, we grouped 

all the included hips into male and female categories based on the biological sex of 
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the participants and repeated the aforementioned primary analyses in the two groups 

separately. The effect was considered significant at P < 0.05. All statistical analyses 

were performed in IBM SPSS V.26.0 (Armonk, NY: IBM Corp).

RESULTS

Of the baseline 2,004 hips from 1,002 individuals in the CHECK cohort, 1,685 hips 

were included. Of 319 excluded hips, 22 hips did not have baseline radiographs avail-

able, 295 hips had unavailable alpha angle values due to insufficient quality of ra-

diographs and 2 hips missed data of BMI. The complete flow of participants (included 

hips) is provided in Figure 2. Of 1,685 included hips, there were 674 symptomatic 

hips (40.0%); there were 350 hips (20.8%) from males and 1,335 hips (79.2%) from 

females. The participants had a mean age of 55.9 ± 5.2 years and a mean BMI of 26.2 

± 4.1 kg/m2. (Table 1). 

Figure 2. The flow of participants (hips) from the beginning of the study and through different 
follow-ups over 10 years.
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The prevalence of hip pain fluctuated during the 10-year follow-up period, with the 

highest value of 40.0% at baseline and the lowest value of 27.5% at 9-year follow-up. 

More detailed information on the prevalence of hip pain in different subgroups is 

provided in Figure 3 and the distribution of NRS scores at four follow-ups is provided 

in Figure 4.

Figure 3. The prevalence of hip pain at baseline and during annual follow-ups over 10 years in 
three groups: combined group (green line), male group (blue line), and female group (red line). The 
area around the line with the same color represents the 95% confidence interval.

Figure 4. The distribution of Numerical Rating Scale (NRS) scores at 5-, 8-, 9-, and 10-year follow-
ups.
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At baseline, the prevalence of cam morphology (alpha angle ≥ 60°) was 11.1% among 

all hips, with a distribution of 29.1% (102/350) in male hips and 6.4% (85/1,335) in 

female hips. No evidence of an association between cam morphology (alpha angle 

≥ 60°) and the presence of hip pain was observed at any follow-up time point in the 

female and combined groups. In males, cam morphology was associated with experi-

encing hip pain at 4-year and 5-year follow-up, but after adjustment for confounders 

only at 5-year follow-up (Table 2). 

Table 2. Association between cam morphology (alpha angle ≥ 60°) and the presence of hip pain at 
baseline and annual follow-ups over 10 years in male, female, and sex-combined groups.

Group Follow-up
Predictor: cam morphology (alpha angle ≥ 60°)

Absolute risk (%) Crude OR (95% CI)
Adjusted OR (95% 

CI)

Combined

Baseline 79/187(42.2) 1.12(0.82-1.53) 0.98(0.69-1.41)

1-year 59/182(32.4) 1.14(0.81-1.61) 1.24(0.84-1.81)

2-year 68/173(39.3) 1.14(0.81-1.60) 1.10(0.75-1.61)

3-year 55/153(35.9) 1.00(0.70-1.42) 0.86(0.59-1.26)

4-year 57/154(37.0) 1.2(0.83-1.75) 1.13(0.76-1.67)

5-year 63/168(37.5) 1.13(0.80-1.61) 1.04(0.71-1.52)

6-year 56/149(37.6) 1.23(0.86-1.75) 1.19(0.82-1.74)

7-year 52/151(34.4) 1.04(0.72-1.49) 0.91(0.61-1.36)

8-year 53/149(35.6) 1.31(0.92-1.88) 1.27(0.86-1.89)

9-year 46/138(33.3) 1.20(0.80-1.81) 1.05(0.68-1.62)

10-year 44/145(30.3) 0.92(0.62-1.35) 0.94(0.62-1.44)

Male

Baseline 44/102(43.1) 1.60(0.99-2.60) 1.27(0.73-2.19)

1-year 29/99(29.3) 1.68(0.95-2.94) 1.50(0.82-2.74)

2-year 35/92(38.0) 1.55(0.90-2.67) 1.19(0.65-2.15)

3-year 30/78(38.5) 1.32(0.74-2.34) 1.03(0.55-1.93)

4-year 30/79(38.0) 1.86(1.04-3.31) 1.62(0.89-2.94)

5-year 38/92(41.3) 1.94(1.14-3.28) 1.77(1.01-3.09)

6-year 31/82(37.8) 1.74(1.00-3.03) 1.40(0.78-2.51)

7-year 27/81(33.3) 1.26(0.76-2.07) 1.11(0.64-1.95)

8-year 26/82(31.7) 1.38(0.85-2.25) 1.23(0.73-2.06)

9-year 29/74(39.2) 1.48(0.85-2.58) 1.28(0.75-2.19)

10-year 27/82(32.9) 1.55(0.86-2.78) 1.40(0.76-2.58)
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Similar results were observed when using the continuous alpha angle as a risk factor. 

No evidence of an association between the alpha angle and the presence of hip pain 

was found at any follow-up time point in the female and combined groups. In males, 

greater cam morphology was associated with hip pain at baseline, 5-year, and 6-year 

follow-ups. However, after adjusting for confounders, this association was significant 

only at the 5-year follow-up (Table 3). 

Table 2. Association between cam morphology (alpha angle ≥ 60°) and the presence of hip pain at 
baseline and annual follow-ups over 10 years in male, female, and sex-combined groups. 
(continued)

Group Follow-up
Predictor: cam morphology (alpha angle ≥ 60°)

Absolute risk (%) Crude OR (95% CI)
Adjusted OR (95% 

CI)

Female

Baseline 35/85(41.2) 0.98(0.62-1.55) 0.80(0.49-1.31)

1-year 30/83(36.1) 1.14(0.70-1.88) 1.08(0.65-1.81)

2-year 33/81(40.7) 1.14(0.71-1.85) 1.01(0.61-1.68)

3-year 25/75(33.3) 0.90(0.55-1.46) 0.74(0.45-1.23)

4-year 27/75(36.0) 1.03(0.60-1.77) 0.89(0.51-1.55)

5-year 25/76(32.9) 0.80(0.46-1.38) 0.68(0.39-1.20)

6-year 25/67(37.3) 1.16(0.70-1.90) 1.03(0.62-1.72)

7-year 25/70(35.7) 1.00(0.58-1.72) 0.80(0.45-1.44)

8-year 27/67(40.3) 1.54(0.89-2.66) 1.33(0.75-2.37)

9-year 17/64(26.6) 0.93(0.49-1.77) 0.81(0.41-1.58)

10-year 17/63(27.0) 0.73(0.40-1.33) 0.67(0.37-1.24)

OR: Odds Ratio, adjusted for age, sex (only in sex-combined group), body mass index and follow-up Kellgren & 
Lawrence grade.
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Table 3. Association between continuous alpha angle and the presence of hip pain at baseline and 
annual follow-ups over 10 years in male, female, and sex-combined groups.

Group Follow-up
Predictor: continuous alpha angle

Crude OR (95% CI) adjusted OR (95% CI)

Combined

Baseline 1.01(1.00-1.01) * 1.00(0.99-1.01)

1-year 1.00(1.00-1.01) * 1.01(1.00-1.01) *

2-year 1.01(1.00-1.01) * 1.00(0.99-1.01)

3-year 1.00(0.99-1.01) 1.00(0.99-1.01)

4-year 1.00(0.99-1.01) 1.00(0.99-1.01)

5-year 1.00(0.99-1.01) 1.00(0.99-1.01)

6-year 1.01(1.00-1.01) * 1.00(1.00-1.01) *

7-year 1.00(0.99-1.01) 0.99(0.98-1.00)†

8-year 1.01(1.00-1.02) * 1.00(0.99-1.02)

9-year 1.00(0.99-1.01) 1.00(0.99-1.01)

10-year 1.00(0.99-1.01) 1.00(0.99-1.01)

Male

Baseline 1.02(1.00-1.03) ** 1.01(0.99-1.03)

1-year 1.01(1.00-1.03) * 1.01(0.99-1.03)

2-year 1.02(1.00-1.03) 1.01(0.99-1.02)

3-year 1.01(0.99-1.03) 1.00(0.99-1.02)

4-year 1.02(1.00-1.03) * 1.01(0.99-1.03)

5-year 1.02(1.01-1.04) 1.02(1.00-1.04) **

6-year 1.02(1.00-1.04) ** 1.01(1.00-1.03) *

7-year 1.01(0.99-1.02) 1.00(0.98-1.02)

8-year 1.01(0.99-1.03) 1.01(0.99-1.02)

9-year 1.01(0.99-1.03) 1.01(0.99-1.02)

10-year 1.01(0.99-1.03) 1.01(0.99-1.02)

Female

Baseline 1.00(1.00-1.01) * 1.00(0.99-1.01)

1-year 1.01(0.99-1.02) 1.00(0.99-1.01)

2-year 1.01(1.00-1.02) * 1.00(0.99-1.01)

3-year 1.00(0.99-1.01) 0.99(0.98-1.01)

4-year 1.00(0.99-1.01) 1.00(0.98-1.01)

5-year 1.00(0.98-1.01) 0.99(0.98-1.00)†

6-year 1.00(0.99-1.01) 1.00(0.99-1.01)

7-year 1.00(0.99-1.01) 0.99(0.98-1.00)

8-year 1.01(1.00-1.02) * 1.00(0.99-1.02)

9-year 1.00(0.98-1.01) 0.99(0.98-1.01)

10-year 0.99(0.98-1.01) 0.99(0.98-1.00)†

The lower bound of 95% CI is approximately equal but less (*) or more (**) than 1; The upper bound of 95% CI is 
approximately equal but more than 1 (†); OR: Odds Ratio, represented every 1-degree increase in the alpha angle 
and adjusted for age, sex (only in the combined group), body mass index and follow-up Kellgren & Lawrence grade.
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The distribution of the severity of hip pain at four follow-ups is shown in Table 4. No 

evidence of an association was observed between the alpha angle and severity of hip 

pain in all three groups (Table 5).

Table 5. Association between the alpha angle and the severity of hip pain at 5-, 8-, 9-, and 10-year 
follow-ups in male, female, and sex-combined groups.

Group Follow-up
Predictor: the alpha angle (continuous value)

Crude OR (95% CI) P value adjusted OR (95% CI) P value

Combined 

5-year 1.00 (0.99-1.01) 0.396 1.00(0.99-1.01) 0.524

8-year 1.00(0.99-1.01) 0.82 1.00(0.99-1.01) 0.911

9-year 1.00(0.99-1.02) 0.598 1.00(0.99-1.01) 0.811

10-year 1.00(0.99-1.01) 0.829 1.00(0.99-1.02) 0.593

Male

5-year 1.00(0.98-1.03) 0.700 1.00(0.98-1.03) 0.800

8-year 1.00(0.99-1.01) 0.561 1.00(0.99-1.01) 0.572

9-year 1.00(0.98-1.03) 0.934 1.00(0.97-1.03) 0.997

10-year 1.01(0.99-1.04) 0.201 1.01(0.98-1.03) 0.512

Female 

5-year 1.01(1.00-1.02) 0.146 1.00 (0.99-1.02) 0.423

8-year 1.00(0.99-1.02) 0.669 1.00(0.99-1.01) 0.935

9-year 1.01(0.99-1.02) 0.292 1.00(0.99-1.02) 0.615

10-year 1.00(0.99-1.02) 0.882 1.00(0.98-1.02) 0.914

OR: Odds Ratio, represented every 1-degree increase in the alpha angle and adjusted for age, sex (only in the sex-
combined group), body mass index, and follow-up Kellgren & Lawrence grade.

Table 4. The distribution of the severity of hip pain in symptomatic hips at 5-, 8-, 9-, and 10-year 
follow-ups.

Group Follow-up Included hips
The severity of hip pain

Mild pain (%) Moderate pain (%) Severe pain (%)

Combined 

5-year 834 480(57.6) 239(28.7) 115(13.8)

8-year 784 495(63.1) 201(25.6) 88(11.2)

9-year 710 419(59.0) 208(29.3) 83(11.7)

10-year 749 420(56.1) 238(31.8) 91(12.1)

Male

5-year 140 86(61.4) 44(31.4) 10(7.1)

8-year 149 108(72.5) 29(19.5) 12(8.1)

9-year 138 92(66.7) 39(28.3) 7(5.1)

10-year 150 99(66.0) 40(26.7) 11(7.3)

Female 

5-year 694 394(56.8) 195(28.1) 105(15.1)

8-year 635 387(60.9) 172(27.1) 76(12.0)

9-year 572 327(57.2) 169(29.5) 76(13.3)

10-year 599 321(53.6) 198(33.1) 80(13.4)
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DISCUSSION

In this study, cam morphology was not associated with the presence of self-reported 

hip pain throughout 10 years of follow-up in females and inconclusive results were 

found in males. The magnitude of the alpha angle showed no association with hip pain 

severity in either males or females.

Our results mostly align with studies that did not find an association between the 

presence of cam morphology and hip pain. However, other studies have shown a sig-

nificant association between cam morphology and hip pain in populations comprising 

both sexes10-13. These studies have several similarities. Firstly, the definitions of cam 

morphology used differed from the current recommendations to use an alpha angle 

threshold of 60°. The threshold value for the alpha angle used in those studies ranged 

from 50.5°11 to 55.5°10, potentially leading to an overestimation of the prevalence of 

cam morphology. Secondly, the populations in these studies had higher average alpha 

angles exceeding 60° which points toward populations with a high prevalence of cam 

morphology (ranging from 65.0% to 88.9%)10, 12. This contrasts with the findings of 

the present study, where the average alpha angle value was 47°. None of the previ-

ous studies focused on sex differences except for one cross-sectional study by Faber 

et al20, which also found an association between cam morphology and hip pain in 

males but not in females. Our results at 5-year follow-up are in line with this finding, 

although we did not find significant associations at the other time points, which may 

be attributable to the fluctuating nature of pain. 

In our results, we found that the prevalence of hip pain fluctuated over 10 years, 

which is supported by the previous findings in the CHECK study that only 32% of 

participants showed stable pain over 10 years22. The course of hip pain could be easily 

influenced by external factors, such as topical temperature, exercise and stretching, 

or using medication for pain relief33, 34. Internal factors, such as cartilage loss, labral 

tears, synovitis, bone marrow lesions in hip, and subchondral cyst, also play a role 

in the fluctuation of hip pain. MRI measurements have shown that the progression 

of these structural diseases is associated with worsening hip symptoms, complicat-

ing the course of hip pain35-37. Variation existed in the course of hip pain in previous 

studies38, 39, which showed that hip pain can be stable or progressive during the 

follow-up, but also fluctuating22. Therefore, the strength of association between any 

predictor and outcome of hip pain would also change depending on the time frame of 

follow-up. Studies focusing on this association should take into account the different 

selected follow-up time points, rather than solely concentrating on pain outcome at 

a single point in time. However, none of the aforementioned studies exploring the 
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relationship between cam morphology and hip pain incorporated multiple follow-up 

assessments. 

Biological sex might play a role in the etiology of hip pain regarding cam morphol-

ogy. Our findings suggest that there is no association between the presence of cam 

morphology and hip pain in the female or female-dominated combined groups. How-

ever, we observed that cam morphology may nearly double the odds of experiencing 

hip pain in males at 5 years follow-up, independent of the development of hip OA. 

Although no significant associations were found at other time points, the ORs were 

consistently higher than 1, potentially indicating a trend towards pain in hips with 

cam morphology. Such a trend was not observed in females. The difference might be 

explained by different manifestations of cam morphology and pain between sexes. 

Firstly, numerous studies have demonstrated that males have greater magnitudes of 

cam morphology than females23, 24. In our results, the average alpha angle at baseline 

differed significantly between sexes, with 54.6° in males and 45.4° in females. Sec-

ondly, men and women experience pain differently, with women generally having a 

lower pain threshold and tolerance40, 41. Experimental pain studies have shown that 

women exhibit heightened pain sensitivity, increased pain facilitation, and reduced 

pain inhibition compared to men42. In our results, the prevalence of hip pain is consis-

tently higher in the female group, at baseline and at nearly all follow-up time points 

(except at the 9-year follow-up), with the most significant difference observed at the 

2-year follow-up (37.2% in females vs. 28.0% in males). Less cases with cam morphol-

ogy and more painful hips without cam morphology may indicate that there are other 

causes for experiencing hip pain than cam morphology in females, for which we could 

not adjust, given the self-reported nature of the pain variable used.

We found no association between the alpha angle and severity of hip pain at four 

follow-ups within 10 years in all three groups. Those results align with prior findings 

by Scholes et al14 that the alpha angle (quantified on an AP view) was not significantly 

associated with pain intensity, as measured by scores from the International Hip 

Outcome Tool-33 (iHOT-33) and Copenhagen Hip and Groin Outcome Score (HAGOS). 

In addition, the alpha angle measured on a Dunn view previously demonstrated a 

modest correlation with worse iHOT-33 scores, suggesting that the location of cam 

morphology may be related to pain intensity14. Future research might further eluci-

date what the influence of cam morphology location on pain is. 

Our study has several notable strengths. First, we conducted ten consecutive annual 

follow-up assessments to provide a more precise understanding of the association 

between cam morphology and hip pain. Most importantly, we conducted separate risk 
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analyses for males and females due to the observed differences in both cam morphol-

ogy characteristics and hip pain between the sexes. The main limitation of this study 

is that we capture the outline of the cam morphology solely in the coronal plane by 

using AP radiographs. Given that cam morphology is inherently a three-dimensional 

construct, our study may have underestimated its prevalence. Nevertheless, it’s im-

portant to note that cam morphology is predominantly located at the anterolateral 

part of the femoral head-neck junction7, making the AP view a good choice for captur-

ing most morphological information. Another limitation is that our study participants, 

drawn from the CHECK study, exhibited initial symptoms in the hip, knee, or both, and 

were aged between 45 and 65 years at baseline. Therefore, the generalizability of 

our findings to asymptomatic or younger populations may be limited. The data on hip 

pain in this study only reflects the past week from the time of collection. As a result, 

the duration and the course of pain cannot be measured. Future studies with available 

data should consider these aspects when investigating cam morphology.

In conclusion, no consistent associations were found between cam morphology quan-

tified on an AP radiograph and self-reported hip pain at multiple follow-ups. Only 

in male participants, baseline cam morphology was associated with hip pain at the 

5-year follow-up. This might indicate a weak relationship between cam morphology 

and hip pain in males, while no such relation was found in females. We did not identify 

an association between the alpha angle and severity of hip pain. 
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ABSTRACT 

Objective: To determine if subtypes of cam morphology on anteroposterior (AP) 

radiographs exist using statistical shape modelling (SSM), and to assess their associa-

tion with incident radiographic hip osteoarthritis (RHOA) within 10 years.

Design: The nationwide prospective Cohort Hip and Cohort Knee (CHECK) study 

included 1,002 participants aged 45-65 years with 10-year follow-up. Subtypes of 

cam morphology were defined as SSM-based shape variations of femoral head-neck 

junction that are associated with baseline cam morphology (alpha angle ≥60°). The 

association between each subtype in hips free of osteoarthritis at baseline (Kellgren 

& Lawrence (KL) grade <2) and incident RHOA (KL grade≥2, or a total hip replacement) 

was estimated using logistic regression at 10-year follow-up and stratified by sex.

Results: In sex-combined group, but also for males and females separately, cam 

morphology subtypes were captured in modes 1, 3, 4, and 5 with odds ratios (ORs) 

ranging from 0.39(0.27-0.58) to 2.25(1.64-3.10). For sex-combined group, only mode 

3, a flattened head-neck junction, was associated with incident RHOA (OR:1.14, 1.02-

1.27). Males’ modes 1 and 3 and females’ modes 3 and 4 were associated with RHOA. 

Notably, the female mode 4, a slightly flattened neck but with subtle curvature, was 

significantly protective for RHOA (OR:0.88, 0.80-0.98). 

Conclusions: We identified four distinct morphological subtypes of cam morphology 

defined by alpha angle. Only some subtypes were found acting as risk factors for RHOA 

at 10-year follow-up, which differed between males and females. This highlights the 

need to study cam morphology beyond the alpha angle alone.

Keywords: cam morphology; subtype; radiographic hip osteoarthritis
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INTRODUCTION

Osteoarthritis (OA) is the most common form of musculoskeletal disease1, 2. After the 

knee, the hip is the second most frequently affected joint3. The burden of hip OA 

has increased in the past three decades4, 5 and as this increasing trend is expected 

to continue in the coming years6, it is of great importance to better understand the 

etiology of hip OA. 

Several risk factors for hip OA have been identified such as heavy physical joint load-

ing7, musculoskeletal injury8, heritability9,age10, sex11, and obesity12. The shape of the 

hip also plays an important role in the development of radiographic hip OA (RHOA)13. 

One of the strongest shape related risk factors for RHOA is cam morphology14, 15. 

Cam morphology is an osseous prominence at the anterolateral part of the femoral 

head–neck junction acquired during skeletal growth, which results in a non-spherical 

femoral head16, 17. It can cause abnormal contact between the proximal femur and the 

acetabular rim during motion, thereby creating repetitive stresses on the cartilage 

and leading to cartilage defects and labral tears, which might eventually evolve to 

hip OA18. 

Several measures to quantify cam morphology have been proposed, including the 

alpha angle19, femoral head-neck offset ratio20, triangular index21, femoroacetabular 

excursion angle (beta angle)22, all of them aiming to capture the asphericity of the 

femoral head-neck junction. The alpha angle is the most commonly used measure 

to quantify cam morphology19 and can be applied to radiographs at various views 

and to different planes in CT and MRI images 23, 24. A recent systematic review and 

an international consensus statement suggested a threshold of ≥60° to classify the 

presence of cam morphology16, 25. 

However, using this threshold, a broad range of ‘apsherical femoral heads’ or ‘sub-

types of cam morphology’ are captured, including but not limited to: hook shape, 

peak, flat shape, and a pistol grip shape23. Although cam morphology defined by an 

alpha angle ≥60° is strongly associated with RHOA, it is unknown whether all these 

subtypes of cam morphology result in an increased risk for RHOA or whether only 

some of these subtypes are responsible for this effect. To the best of our knowledge, 

there is no previous research on whether different subtypes of cam morphology as 

captured by the alpha angle exist and how these relate to incident RHOA. Also, there 

is only limited literature on the association between cam morphology and incident 

RHOA with long-term follow-up. 
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The aims of this study are i) to examine which different subtypes of cam morphology 

based on an alpha angle ≥60° exist on anteroposterior (AP) radiographs using statisti-

cal shape modeling (SSM); ii) to investigate the association between those subtypes 

of cam morphology and incident RHOA within 10 years.

METHODS

Study population
The Cohort Hip and Cohort Knee (CHECK) is a multicenter prospective cohort study in 

the Netherlands26, 27. From October 2002 until September 2005, 1,002 participants 

aged between 45 and 65 years were recruited in the Netherlands with a total of 10 

years follow-up. Participants were eligible if they had initial symptoms of knee or hip 

pain and/or stiffness and either not have consulted their general practitioner (GP) for 

these symptoms previously, or their first consultation occurred within 6 months prior 

to enrollment. Exclusion criteria encompassed individuals presenting with any other 

pathological conditions potentially accounting for the symptoms, any comorbidities 

impeding physical evaluation and/or follow-up period of at least 10 years, malignancy 

in the past 5 years, or inability to understand the Dutch language. Radiological data 

were collected from 11 general and academic hospitals in the Netherlands. 

Ethical approval for the study was obtained from the medical ethics committees of 

all participating centers, and written informed consent was secured from all enrolled 

participants. 

Radiography
Standardized weight-bearing AP radiographs of the hips or pelvis were obtained at 

baseline and 10-year follow-up. During the acquisition of the AP pelvic radiograph, 

participants were positioned with the lower extremities parallel and with 15° internal 

rotation, resulting in the touch of the medial sides of the distal part of the big toes. 

The X-ray beam was centered on the proximal edge of the pubic symphysis. The tube-

to-film distance was 100 cm. The first 124 participants who entered the CHECK study 

had an AP hip radiograph of each hip obtained according to the same protocol, but 

with the x-ray beam centered on the groin.

Statistical shape modeling (SSM)
To capture the different types of femoral head-neck morphology, SSM was used to 

quantify the shape variations observed in this population. The shape of the femoral 

head-neck junction was outlined by a series of landmark point which were automati-
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cally annotated using SSM software as described previously (BoneFinder®, Manchester 

University, United Kingdom)28, 29. For the current study, a total of 15 landmark points 

along the contour of the femoral head-neck junction were used to create the SSM of 

the superior head-neck junction (Figure 1). Considering that males generally have 

cam morphology with greater magnitude than females30, we also study the shape of 

femoral head-neck junction stratified by biological sex. Therefore, three SSMs were 

built, based on the radiographs of 1) males only, 2) females only, and 3) two sexes 

combined. 

Within each SSM, we identified the main variations in shape modes via principal com-

ponent analysis. The modes of variation were ordered in ascending order based on their 

contribution to the total shape variance, with the first mode explaining the greatest 

variation in shape. Given the nature of SSM that all resulting modes of shape variation 

are statistically independent of each other and not interconnected, each identified 

shape mode describes a distinct pattern. These modes are described as a set of continu-

ous variables and standardized to have a mean of 0 and a standard deviation of 1. For 

all three SSMs, we selected the number of modes that together explained at least 99% 

of the total variation in shape, with each individual mode explaining at least 1% of 

the total variation. Because all three SSMs were generated based on different inputs 

(all hips, male hips or female hips) the resulting modes of shape variation cannot be 

directly compared between these groups. 

Figure 1. The femoral head and head-neck junction was outlined by 15 landmark points on the AP 
radiograph. The first point is located where the anterior greater trochanter joins the femoral neck, 
and the last one is located around the top of the best fitting circle of the femoral head.
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Alpha angle
The alpha angle is calculated as the angle between the line from the center of the 

femoral head through the middle of the femoral neck and a second line from the center 

of the femoral head through the point where the contour of the superior femoral head-

neck junction exceeds the radius of the best fitting circle of the femoral head (Figure 

2). Using in-house developed software (Python Version 3.7.0), the alpha angle was 

automatically calculated using the landmark points placed by the SSM software. This 

method previously showed good intraclass correlation coefficients when compared 

with manual measurement by two orthopedic surgeons: 0.81 (95%CI 0.46 – 0.92) for 

inter-method reliability, and 0.77(95%CI 0.58 – 0.89) for interobserver reliability31. 

The presence of cam morphology at baseline was defined by the recommended al-

pha angle threshold of ≥60°, which previously showed a consistent association with 

development of radiographic hip OA in the CHECK cohort over 10 years follow-up32.

Definition of radiographic hip OA 
At baseline and 10-year follow-up, the AP pelvic and hip radiographs were scored 

for RHOA according to the Kellgren and Lawrence (KL) classification. All consecutive 

radiographs available for each participant were independently scored by five trained 

medical professionals simultaneously, ensuring that the information from all images 

was used for KL scoring at each time point. This approach has demonstrated greater 

reliability when compared to scoring each radiograph independently33. At baseline, 

we only included hips without definite RHOA (KL grade <2) to avoid misclassifica-

tion of cam morphology based on osteoarthritic changes such as definite osteophyte 

Figure 2. The measurement of alpha angle on AP pelvic radiograph. The left hip (right on the im-
age) has an alpha angle of 39° and the right hip was classified as having cam morphology based on 
an alpha angle of ≥60°.



6

119

formation or femoral head deformation. Incident RHOA was defined by a KL grade ≥2 

or a total hip replacement (THR) at the 10-year follow-up.

Statistical Analysis
Differences in characteristics between included and excluded hips at baseline were 

evaluated. We used the independent samples t-test for continuous variables and the 

chi-square test for categorical variables. A logistic regression model was used to ana-

lyze the association between each mode of shape variation and the presence of cam 

morphology at baseline. Then, a logistic regression model was also used to study the 

association between each baseline mode of shape variation and incident radiographic 

hip OA at 10-year follow-up. All regression analyses were performed with generalized 

estimating equations (GEE), as GEE accounts for statistical dependency between two 

hips within one individual. All regression analyses were adjusted for age, biological 

sex, and body mass index (BMI). Finally, we repeated all analyses with exclusion of BMI 

from the confounders. The strength of association was expressed in odds ratios (OR) 

per 1 standard deviation (SD) increase in standardized shape mode value with 95% 

confidence intervals. The effect was considered significant at P < 0.05. All statistical 

analyses were performed in SPSS Statistics, version 26.0 (IBM Corp., Armonk, New 

York, USA).

RESULTS

Population
Of the 2,004 hips from 1,002 individuals in the CHECK cohort, 588 hips were excluded: 

218 hips had definite RHOA at baseline; 2 hips and 294 hips lacked KL grade data at 

baseline and the 10-year follow-up, respectively; in 72 hips, the alpha angle could not 

be measured reliably due to insufficient radiographic quality; and 2 hips had missing 

baseline BMI data. The result of the exploration of all 588 excluded hips were shown 

in Table 1. In total, 1,416 hips from 755 participants were included at baseline (259 

male hips [18.3%] and 1,157 female hips [81.7%]) (Table 2). The complete flow of 

participants (hips) is provided in the flowchart (Figure 3). 
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Table 1. The difference in baseline characteristics among included and excluded hips.

Baseline characteristics

2,004 hips from the CHECK cohort

Included (n=1,416) Excluded (n=588)
95% Confidence Interval

Lower Upper

Age in years: mean ( SD) 55.6(5.2) 56.6(5.2) -1.51 -0.49

Women: No (%) 1,157(81.7) 423(71.9) -0.14 -0.06

BMI, kg/m²: mean ( SD) 26.2(4.0) 26.0(4.0) -0.20 0.60

Alpha angle, °: mean ( SD) 46.4(9.9) 50.9(13.7) -5.73 -3.27

Cam morphology: No (%) 122(8.6) 89(20.1) 0.03 0.10 

KL grade 0: No (%) 1,045(73.8) 170(65.6) -0.49 -0.41

KL grade 1: No (%) 371(26.2) 89(34.4) -0.15 -0.07

KL grade 2 or missing: No (%) 0(0.0) 240(40.8) 0.37 0.45

SD: standard deviation; BMI: body mass index; KL: Kellgren and Lawrence. The difference is considered significant if 
the 95% confidence interval does not include 0. 

Table 2. Baseline characteristics among sex-combined, male and female groups.

Baseline characteristics

Three groups from included 1,416 hips of the CHECK cohort

Sex-combined 
group (n=1,416)

Male group 
(n=259)

Female group 
(n=1,157)

95% Confidence 
Interval

Lower Upper

Age in years: mean ( SD) 55.6(5.2) 55.8(5.4) 55.6(5.1) -0.54 0.94

Women: No (%) 1,157(81.7) 0(0.0) 1,157(100.0) 1.00 1.00 

BMI, kg/m²: mean ( SD) 26.2(4.0) 26.3(3.5) 26.2(4.1) -0.42 0.62

Alpha angle, °: mean 
( SD)

46.4(9.9) 53.0(12.0) 44.9(8.7) 6.54 9.66

Cam morphology: No 
(%)

122(8.6) 63(24.3) 59(5.1) -0.25 -0.14

KL grade 0: No (%) 1,045(73.8) 170(65.6) 875(75.6) 0.04 0.16

KL grade 1: No (%) 371(26.2) 89(34.4) 282(24.4) -0.16 -0.04

SD: standard deviation; BMI: body mass index; KL: Kellgren and Lawrence. 95% confidence interval is for the differ-
ence between male and female groups. The difference is considered significant if the 95% confidence interval does 
not include 0.
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At baseline, the prevalence of cam morphology was 8.6% (24.3% in males; 5.1% in 

females). These 122 hips with cam morphology came from 95 participants, of which 

27 participants had bilateral cam morphology and 68 had unilateral one. Of all hips 

with cam morphology, 62.3% developed RHOA at 10-year follow-up (69.8% in males; 

54.2% in females).

Statistical shape model 
For SSMs of the male and sex-combined group, the first 6 modes were extracted from 

28 available modes. For the female SSM, the first 6 modes were extracted from 29 

available modes. Detailed information was provided in Supplementary Figure S1.

Figure 3. The complete flow of hips
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Shape modes with the same order (1 to 6) in all three groups are slightly different from 

each other but share common features (Figures 4 and Supplementary Figure S2). For 

the combined groups, shape mode 1 shows variation in the head-neck junction with a 

pistol grip deformity extending towards the major trochanter represented by the lower 

mode values and an evident spherical femoral head with distinct head-neck junction 

in the higher mode values. Shape mode 2 represents a slight lateral ‘hook shaped’ 

extension of the femoral head with still a distinct concave head-neck junction in the 

lower values and a flattened head-neck junction in higher values. For shape mode 3, 

lower values represent a spherical femoral head with a clear concave curvature of 

the neck while higher values represent a flattened head-neck junction. Shape mode 

4 also represents a spherical femoral head in lower values and a flattened head-neck 

junction in higher values, though with still a subtle concave curvature in the neck, in 

contrast to mode 3. Shape mode 5 represents a smaller and spherical femoral head 

with a long femoral neck in lower values and in higher values a prominence in the 

head-neck junction, though not extending as far to the major trochanter as mode 1. 

Finally, shape mode 6 shows more subtle variations with a spherical femoral head 

and long neck in lower values and a very subtle lateral prominence at lateral aspect 

of the head-neck junction, though with a seemingly spherical femoral head and clear 

concave head-neck junction. Please note that although the descriptions of modes 1 

to 6 are similar between males and females, the shape variations depicted by the 

extremes of mode 1 and mode 3 might explain the opposite shape variations. For 

example, the pistol grip deformity in mode 1 was represented by higher values in 

males, but by lower values in females.
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Associations between femoral head-neck junction shape variations 
and cam morphology and incident RHOA
Estimates of associations between femoral head-neck junction shape modes and cam 

morphology and between subtypes of cam morphology and incident RHOA in all three 

SSMs are presented in Table 3 and Table 4. 

Table 3. Associations between femoral head-neck junction shape modes and the presence of cam 
morphology in three groups.

Group
Shape 
mode

Outcome: cam morphology (alpha angle ≥60°)

OR (95% CI) P value aOR (95% CI) P value

Combined

mode1 0.584(0.505-0.676) <0.001 0.591(0.503-0.694) <0.001

mode2 1.073(0.868-1.326) 0.515 1.147(0.906-1.452) 0.255

mode3 1.767(1.441-2.166) <0.001 1.568(1.303-1.888) <0.001

mode4 1.727(1.433-2.080) <0.001 1.749(1.399-2.186) <0.001

mode5 1.814(1.495-2.202) <0.001 1.819(1.469-2.252) <0.001

mode6 1.211(1.011-1.451) 0.038 1.208(0.983-1.484) 0.072

Male

mode1 1.724(1.309-2.270) <0.001 1.722(1.309-2.266) <0.001

mode2 1.143(0.866-1.509) 0.344 1.153(0.873-1.523) 0.316

mode3 0.396(0.268-0.585) <0.001 0.394(0.267-0.582) <0.001

mode4 2.253(1.638-3.098) <0.001 2.252(1.637-3.098) <0.001

mode5 1.899(1.386-2.601) <0.001 1.916(1.406-2.612) <0.001

mode6 1.207(0.949-1.535) 0.125 1.211(0.951-1.541) 0.12

Female

mode1 0.429(0.336-0.548) <0.001 0.428(0.331-0.554) <0.001

mode2 0.927(0.727-1.183) 0.542 0.949(0.731-1.231) 0.692

mode3 1.827(1.495-2.233) <0.001 1.786(1.461-2.183) <0.001

mode4 1.435(1.098-1.875) 0.008 1.441(1.102-1.886) 0.008

mode5 1.687(1.435-1.983) <0.001 1.808(1.510-2.165) <0.001

mode6 1.152(0.949-1.400) 0.153 1.172(0.950-1.447) 0.138

All odds ratios (OR) represent every 1 SD increase in shape mode value; adjusted ORs (aOR) were adjusted for age, 
sex (only in combined group) and body mass index at baseline. 
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For the SSM modes based on the sex-combined group, shape mode 1(OR: 0.59 95%CI 

0.50-0.69), mode 3 (OR:1.57 95%CI 1.30-1.89), mode 4 (OR: 1.75 95%CI 1.40-2.19), 

and mode 5 (OR: 1.82 95%CI 1.47-2.25) showed significant associations with the 

presence of cam morphology. Higher value in mode 3-5 and lower value in mode 1 

will lead to a higher risk of having cam morphology. Only shape mode 3 also had 

a significant association with incident RHOA with an adjusted OR of 1.14 (95% CI: 

1.02-1.27) per SD increase. 

For the SSM based on male group, four out of six analyzed shape modes showed 

significant association with the presence of cam morphology, which are mode 1 (OR: 

1.72 95%CI 1.31-2.27), mode 3(OR: 0.39 95%CI 0.27-0.58), mode 4(OR: 2.25 95%CI 

1.64-3.10), and mode 5 (OR: 1.92 95%CI 1.41-2.61). Mode 1 and 3 were also signifi-

Table 4. Associations between subtypes of cam morphology and incident radiographic hip osteo-
arthritis in three groups.

Group
Shape 
mode

Morphological 
characteristics

Outcome: the development of RHOA at 10-year follow-
up

OR (95% CI) P value aOR (95% CI) P value

Combined

mode1
Pistol grip-shaped 
prominence

0.955(0.860-
1.061) 0.389

0.981(0.880-
1.093) 0.73

mode3
Flattened head-
neck junction

1.186(1.066-
1.319) 0.002

1.140(1.019-
1.274) 0.022

mode4
Flattened neck 
with curvature

0.921(0.836-
1.014) 0.094

0.909(0.823-
1.004) 0.059

mode5
Prominence 
extending to neck

1.101(0.990-
1.224) 0.077

1.100(0.986-
1.228) 0.088

Male

mode1
Pistol grip-shaped 
prominence

1.413(1.070-
1.867) 0.015

1.406(1.063-
1.858) 0.017

mode3
Flattened head-
neck junction

0.759(0.581-
0.993) 0.044

0.758(0.578-
0.993) 0.045

mode4
Flattened neck 
with curvature

1.135(0.876-
1.471) 0.337

1.117(0.860-
1.452) 0.407

mode5
Prominence 
extending to neck

1.065(0.834-
1.361) 0.613

1.081(0.844-
1.383) 0.538

Female

mode1
Pistol grip-shaped 
prominence

1.073(0.945-
1.219) 0.278

1.089(0.957-
1.239) 0.197

mode3
Flattened head-
neck junction

1.161(1.032-
1.305) 0.013

1.134(1.006-
1.278) 0.039

mode4
Flattened neck 
with curvature

0.884(0.798-
0.980) 0.019

0.881(0.795-
0.976) 0.015

mode5
Prominence 
extending to neck

0.970(0.867-
1.084) 0.587

0.983(0.879-
1.100) 0.769

All odds ratios (OR) represent every 1 SD increase in shape mode value; adjusted odds ratios (aOR) were adjusted for 
age, sex (only in combined group) and body mass index at baseline. RHOA: radiographic hip osteoarthritis.
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cantly associated with incident RHOA with an adjusted OR of 1.41 (95%CI 1.06-1.86) 

per SD increase for shape mode 1 and an adjusted OR of 0.758 (95%CI 0.58-0.99) per 

SD increase for shape mode 3.

For the SSM based on female group, similarly, four out of six shape modes showed 

significant association with the presence of cam morphology. These modes included 

mode 1 (OR: 0.43 95%CI 0.33-0.55), mode 3 (OR: 1.79 95%CI 1.46-2.18), mode 4 (OR: 

1.44 95%CI 1.10-1.89), and mode 5 (OR: 1.81 95%CI 1.51-2.17). Mode 3 and 4 were 

also significantly associated with incident RHOA, with an adjusted OR of 1.134 (95%CI 

1.01-1.28) per SD increase for shape mode 3 and an adjusted OR of 0.88 (95%CI: 0.80-

0.99) per SD increase for shape mode 4. Notably, mode 4 was negatively associated 

with developing RHOA meaning the extreme of this shape mode representing cam 

morphology was protective for incident RHOA.

The results of the analyses, after excluding BMI from the confounders, are presented 

in Table S1. There were only slight changes in the values of the odds ratios and their 

corresponding 95% confidence intervals compared to the main analyses conducted 

above, but with same subtypes of cam morphology and their same effect to RHOA.

DISCUSSION

In this prospective cohort study, we found several morphological subtypes of cam 

morphology that are distinct from each other. Interestingly, only part of these sub-

types of cam morphology were also associated with incident RHOA within 10-year 

follow-up, suggesting that not all morphological aspects captured by an alpha angle 

≥60° are relevant for the development of RHOA.

To the best of our knowledge, no previous studies have investigated whether different 

subtypes of cam morphology as defined by the alpha angle exist. However, a number 

of studies that investigated the entire hip or pelvic shape with SSM have already shed 

light on the subtypes of cam morphology. Van Buuren et al34 found that certain hip 

shape variants that might represent cam morphology were associated with cartilage 

defects while others with cam morphology were not, possibly indicating the existence 

of different subtypes of cam morphology. Bugeja et al35 used SSM to explore cam mor-

phology through parameters such as cam volume, surface area, and height, however 

the differences of those radiographic parameters were not used to further classify 

cam morphology into subtypes. 
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Among those cam morphology subtypes, only two male (mode 1 and 3), one female 

subtype (mode 3) and one subtype in combined group (mode 3) acted as a risk fac-

tor for incident RHOA, while female shape mode 4 seems to have a protective effect 

against RHOA. Each SD increase in the combined mode 3, male mode 3/4, and female 

mode 3 at baseline can lead to 13% to 40% higher risk of developing RHOA 10 years 

after. Conversely, each SD increase in female mode 4 is associated with approxi-

mately a 12% lower risk of developing RHOA. These findings might partly provide an 

explanation for the substantial difference in the incidence of RHOA in hips with cam 

morphology between the two sexes. Furthermore, it is essential to recognize that the 

strength of the association between cam morphology and RHOA has shown significant 

variation in previous studies. This variation was previously attributed to differences in 

study populations and definitions32, but it might also be attributable it to the distinct 

distribution of cam morphology subtypes.

Our findings suggest that the impact of cam morphology on incident RHOA may be 

influenced by biological sex. We found that pistol grip-type cam morphology (mode 

1) can be considered a risk factor for RHOA only in males, whereas cam morphol-

ogy characterized by a flattened head-neck junction (mode 3) was a risk factor in 

both sexes. In contrast, a slight flattened head-neck junction with still a concave 

femoral neck curvature appears to act as a protective factor only in females. From the 

anatomical perspective, females typically have a shallower acetabulum and a smaller 

femoral head compared to males36, 37. This anatomical difference might result in males 

having greater femoral head coverage compared to females. Consequently, there 

is a higher probability of abnormal contact between the cam morphology and the 

acetabulum during hip motion in males, while females have a larger tolerance space 

for cam morphology. In addition, our study only focuses on the cam morphology while 

other morphological and orientational factors such as acetabular dysplasia, pincer 

morphology and femoral version might also be the explanation for the different find-

ings between sexes.

While the alpha angle is a commonly used method to quantify cam morphology, our 

study reveals that various shape aspects are captured by the alpha angle which are 

all defined as cam morphology, but they might not all be relevant. The subtypes of 

cam morphology found in our study exhibit unique characteristics that cannot be 

distinguished by the alpha angle alone. But they might be differentiated by combined 

methods with other measurements, such as triangular index or head-neck offset ratio. 

Future studies should reveal whether our finding also holds in other populations 

and with three-dimensional imaging and evaluate the potential for classifying cam 

morphology by integrating the alpha angle with other measurements. 
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Three confounders were identified in our analyses, which are age, biological sex, and 

BMI. Both age and sex of participants have already proven to be clear confounders to 

hip OA, while the association between BMI and hip OA remains somewhat unclear5. 

Recent studies provide evidence suggesting a potential causal role of obesity to 

the hip OA38, 39 and severe cam morphology (higher alpha angle)40. Nevertheless, it’s 

plausible that the presence of either cam morphology or hip OA might contribute to 

changes in weight by affecting individuals’ daily activities. However, it’s important 

to note that there is currently insufficient evidence to firmly support this viewpoint. 

Despite ongoing uncertainty regarding the precise effect of BMI, we opted to include 

it as a confounder rather than a collider in our analysis.

Our findings may not have direct clinical implication but can provide an insight on a 

classification of cam morphology. Cam morphology defined by alpha angle greater 

than 60 degrees should not be treated equally, on the contrary, only some subtypes 

with typical characteristics need to have priority for intervention.

Our study has several limitations. First, we quantified cam morphology only on AP 

radiographs. Those two-dimensional shape modes result in a simplified projection of 

the three-dimensional aspect of cam morphology. However, the alpha angle on an AP 

view previously showed a strong association with incident hip OA41. Then, our study 

solely concentrated on cam morphology, not taking into account other types of hip 

morphology such as pincer morphology and hip dysplasia which might potentially 

influence the relationship between cam morphology and RHOA. These types of hip 

morphology, particularly hip dysplasia, have demonstrated associations with the 

development of hip OA42. Therefore, to better understand the role of cam morphology 

in RHOA, further validation of our findings stratified by hip morphologies is needed. 

Furthermore, it is crucial to consider the specific characteristics of our study popula-

tion. Participants in the CHECK cohort study exhibited first-onset symptoms in either 

their hip or knee, or both, and were aged between 45 and 65 years at the baseline. 

Therefore, our findings may not be directly generalizable to individuals without 

symptoms or to younger populations. 

In conclusion, we identified four distinct morphological subtypes of cam morphology 

on the AP radiographs as defined by SSM. Only some subtypes of cam morphology 

were found acting as a risk factor for incident RHOA at 10-year follow-up with also 

differences between males and females. This shows that not all cam-related shape 

variations as captured by the alpha angle may be relevant in incident RHOA. With 

regard to RHOA development, it might be necessary to look beyond the alpha angle as 

a sole measurement for cam morphology. 
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Table S1. Associations between femoral head-neck junction shape modes and the presence of cam 
morphology and between subtypes of cam morphology and incident radiographic hip osteoarthri-
tis in three groups with adjusting solely for sex and age.

Group
Shape 
mode

Outcome: cam morphology (alpha 
angle >60°)

Outcome: the development of 
RHOA at 10-year follow-up

aOR (95% CI) P value aOR (95% CI) P value

Combined

mode1 0.59(0.50-0.69) <0.001 0.98(0.88-1.09) 0.712

mode2 1.12(0.89-1.42) 0.329

mode3* 1.59(1.32-1.91) <0.001 1.14(1.02-1.28) 0.021

mode4 1.77(1.41-2.21) <0.001 0.91(0.85-1.00) 0.060

mode5 1.74(1.43-2.13) <0.001 1.10(0.99-1.23) 0.092

mode6 1.21 (0.99-1.48) 0.061

Male

mode1* 1.73(1.31-2.27) <0.001 1.41(1.07-1.86) 0.016

mode2 1.15(0.87-1.51) 0.339

mode3* 0.39(0.27-0.59) <0.001 0.760(0.58-0.99) 0.044

mode4 2.25(1.64-3.09) <0.001 1.14(0.88-1.47) 0.332

mode5 1.90(1.39-2.61) <0.001 1.07(0.84-1.36) 0.605

mode6 1.21(0.95-1.54) 0.124

Female

mode1 0.43(0.34-0.55) <0.001 1.09(0.958-1.239) 0.193

mode2 0.93(0.73-1.19) 0.571

mode3* 1.79 (1.47-2.19) <0.001 1.13(1.006-1.277) 0.040

mode4* 1.46(1.13-1.89) 0.004 0.88(0.795-0.975) 0.015

mode5 1.73(1.46-2.05) <0.001 0.98(0.879-1.101) 0.772

mode6 1.16(0.96-1.41) 0.135

RHOA: radiographic hip osteoarthritis; OR: odds ratios; adjusted odds ratios (aOR) were adjusted for age, sex (only 
in combined group) at baseline. Shape modes marked with an asterisk (*) are significantly associated with both 
outcomes.



6

133

Figure S1. Selected femoral head-neck junction shape modes and percentage of variance ex-
plained per mode in three groups. The bar charts represent the percentage of variance explained 
for each mode and the line charts represent the cumulative percentage of variance in each group.

Figure S2. Shape modes defined by statistical shape modeling that are not associated with cam 
morphology based on hips from combined, male and female group. The shapes corresponding to 
-3 and +3 standard deviations (SDs) from the mean shape (depicted by the black line) are displayed 
on the left and right sides (depicted by the blue line), respectively.
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ABSTRACT

Objective: To determine the association between cam morphology defined by trian-

gular index ratio (TIR) and the development of radiographic hip osteoarthritis (RHOA) 

at 10-year follow-up. Additionally, to compare the predictive performance of cam 

morphology as defined by the TIR versus the alpha angle (AA) for RHOA development.

Methods: The Cohort Hip and Cohort Knee (CHECK) study included 1,002 participants 

aged 45-65 years with 10-year follow-up. The associations between cam morphology 

in hips free of RHOA at baseline (Kellgren & Lawrence (KL) grade <2) and the devel-

opment of RHOA (KL ≥2) were estimated using logistic regression adjusted for age, 

sex, and body mass index. Sensitivity, specificity, positive predictive value (PPV), and 

negative predictive value (NPV) for the development of RHOA for the two measures of 

cam morphology (TIR ≥1.05 and AA ≥ 60°) were evaluated.

Results: TIR-defined cam morphology was associated with the development of RHOA 

at follow-up with an adjusted Odds Ratio of 2.48 (95% CI 1.38-4.46). The PPVs of cam 

morphology defined by TIR (70.6%, 95% CI 59.0%-80.0%) for RHOA was somewhat 

higher than that of AA-defined cam morphology (62.3%, 95% CI 53.8%-70.1%), while 

the sensitivity for AA (12.3%, 95% CI 9.8%-15.2%) was higher than that of TIR (7.8%, 

95% CI 5.8%-10.2%).

Conclusions: Cam morphology defined by a TIR ≥1.05 at baseline is associated with 

the development of RHOA 10 years later. TIR can offer a more precise definition of the 

presence of cam morphology while AA can avoid losing too many target cases.

Keywords: radiographic hip osteoarthritis; cam morphology; triangular index ratio; 

alpha angle
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INTRODUCTION

Cam morphology, a hip shape variation characterized by an osseous prominence at 

the anterolateral femoral head-neck junction, has been recognized as a significant 

morphological risk factor for hip osteoarthritis1-3. Currently, there is no consensus 

on the gold standard for detecting or quantifying cam morphology. The alpha angle 

(AA) has emerged as the most widely used measurement due to its relative simplicity 

and wide applicability to various radiographic views and planes in both 2D and 3D 

imaging 1, 4, 5. It serves as a measure of the extent of asphericity of the femoral head, 

with a higher value indicating a greater deviation towards an aspherical femoral head. 

Previously, a threshold of AA ≥ 60° was recommended to define the presence of cam 

morphology6, 7.

However, the alpha angle also has limitations. First, considerable variability was 

observed in its reliability previously. Interobserver intraclass correlation coefficient 

(ICC) ranged from 0.05 (95%CI -0.36-0.44)8 to 0.92 (95%CI 0.89-0.95)9, 10. Second, the 

AA only identifies the point where the femoral head-neck junction begins to protrude 

and is therefore potentially unable to capture the most prominent part of the cam 

morphology. Consequently, a small sliver of protruding bone may result in a similar 

AA value as a large bump. Additionally, the AA captures a broad range of ‘aspherical 

femoral heads’, some of which may not be consistent with our idea of what a cam 

morphology is and would not be relevant for the development of hip OA11. These find-

ings suggest that using AA alone to define cam morphology may yield inaccuracies.

The triangular index ratio (TIR) is an alternative method for quantifying cam morphol-

ogy on an anteroposterior (AP) radiograph. Different than the AA, it quantifies cam 

morphology by measuring the extent to which a potential cam morphology laterally 

deviates at a predefined point at the head-neck junction. Given that the AA and TIR 

measure different aspects, the TIR may serve as an alternative measurement to AA. 

However, there is a lack of studies using TIR to quantify cam morphology and how this 

measure relates to the AA. 

The aim of this study is to investigate the association between cam morphology 

defined by TIR and the development of radiographic hip osteoarthritis (RHOA) at 

follow-up. Additionally, we aim to assess and compare the predictive performance of 

the AA and TIR for RHOA development. 
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METHODS

Study population
The study population was drawn from the Cohort Hip and Cohort Knee (CHECK) study, 

a longitudinal multicenter prospective cohort study in the Netherlands. It included 

1,002 individuals aged between 45 and 65 years with 10 years follow-up. These par-

ticipants were experiencing their first episode of hip and/or knee complaints yet and 

had not sought medical assistance or initiated consultations with a general practice 

within six months before entry. The inclusion and exclusion criteria of the CHECK 

study have been previously outlined12. In this study, we focused on the development 

of RHOA and included only individuals who met the following criteria: availability 

of both baseline and 10-year follow-up radiographs, complete baseline demographic 

data, and no evidence of RHOA at baseline.

Ethical approval for the study was granted by the medical ethics committees of all par-

ticipating centers, and written informed consent was obtained from all participants.

Radiographic measurements
Standardized weight-bearing AP radiographs of the pelvis or hip were obtained at 

both baseline and 10-year follow-up. Both AP pelvis and hip radiographs used the 

same acquisition protocol; participants were positioned with 15° internal rotation of 

their hips, leading to contact between the medial side of the distal part of the big toes. 

For this study, we only used radiographs from the baseline and 10-year follow-up.

The AA is the angle between the femoral neck axis and a line connecting the femoral 

head center and the alpha point (red point in Figure 1), where the contour of the 

femoral head-neck junction begins to leave the best-fitting circle of the femoral 

head13. A previously validated threshold value of ≥60° was used to define the pres-

ence of cam morphology6.
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By applying the Pythagorean law for triangular figures, triangular index defines cam 

morphology by comparing a specific distance (D) and the radius of femoral head (r). 

This distance (D) is measured from the center of the femoral head to the point (blue 

point in Figure 1) on the superior cortex of the head-neck junction. The blue point 

is located on the perpendicular (dotted) line drawn at half the radius of the femoral 

head, along the line that passes through the axis of the femoral neck. Initially, the 

asphericity of femoral head (cam morphology) was defined by Gosvig et al. if D ≥ r + 2 

mm at 1.2 magnification14. However, this measurement relies on radiographs achiev-

ing millimeter-level accuracy, with varying magnifications depending on the radio-

graphic protocol used. To address this issue, we can convert the linear measurement 

into a ratio. This requires evaluating the relationship between the 2 mm threshold 

and the radius of the femoral head. First, an average femoral head diameter of 57.16 

± 0.66 mm in the white population (at no magnification) was used as a reference15. 

At 1.2 magnification, 2mm approximately corresponds to 0.058 r. After rounding to 

two decimals, we selected the maximum value below this value as the threshold. 

Consequently, defining cam morphology when the ratio D/r ≥ 1.05.

Both the AA and TIR were automatically and uniformly calculated by open-access, 

in-house developed and validated Python script (Version 3.7.0) on the baseline 

radiographs16. This method previously showed good inter-method reliability when 

compared with manual measurement by two experienced orthopedic surgeons on 

dual-energy X-ray absorptiometry (DXA) images: 0.81 (95%CI 0.46-0.92) for AA and 

0.96 (95%CI 0.91-0.98) for TIR16.

Figure 1. The measurement of alpha angle (figure A) and triangular index ratio (figure B).
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Radiographic hip osteoarthritis
The status of RHOA was scored according to Kellgren and Lawrence (KL) classification. 

For each participant, the radiographs from baseline and all follow-ups were assessed 

simultaneously. The development of RHOA was defined by a KL grade ≥ 2 or a total hip 

replacement (THR) at 10-year follow-up from those having KL grade < 2 at baseline17. 

Statistical Analysis
Univariate differences in baseline characteristics between included and excluded 

hips were investigated by the independent sample’s T-test or chi-square test. To study 

the association between cam morphology defined by TIR or AA at baseline and the 

development of RHOA at 10-year follow-up, a logistic regression model was used. 

This regression analysis was performed with generalized estimating equations (GEE) 

to adjust for the correlation between measurements of the left and the right hip in the 

same person. The analysis was adjusted for age, biological sex, and body mass index 

(BMI) and the strength of association was expressed in odds ratios (OR) with 95% 

confidence intervals (CI). To assess the predictive performance for the development of 

RHOA at follow-up of cam morphology defined by AA ≥60° or TIR ≥1.05, we calculated 

sensitivity, specificity, positive predictive value (PPV) and negative predictive value 

(NPV) and their 95% CIs. Sensitivity analyses were conducted to assess predictive 

performance using TIR thresholds of ≥ 1.04, 1.03, and 1.02.

All statistical analyses were performed in SPSS Statistics, version 26.0 (IBM Corp., 

Armonk, New York, USA). The effect was considered significant at P < 0.05.

RESULTS

Population
Detailed baseline characteristics of the participants and their hips are presented in 

Table 1. Of the 2,004 hips from 1,002 individuals in the Cohort Hip and Cohort Knee 

(CHECK) cohort, 588 hips were excluded: 240 hips had definite RHOA at baseline; in 

111 hips, automated measurement was unavailable to perform due to the insufficient 

baseline radiographic quality; 2 hips lacked baseline BMI data; 235 hips lacked KL 

grade data at 10-year follow-up. In total, 1,416 hips were included at baseline (mean 

age: 55.6±5.2 years; 81.7% females; mean BMI: 26.2±4.0). The complete flow of par-

ticipants (hips) is provided in the flowchart (Figure 2).
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At baseline, there were 122 hips (8.6%) with cam morphology defined by AA ≥ 60° 

and 69 hips (4.9%) with cam morphology defined by TIR ≥ 1.05. Among them, 65 

hips (4.6%) met both cam morphology definitions. The distribution of values for two 

measurements is shown in Figure 3.

Table 1. Baseline characteristics of included and excluded hips from the CHECK cohort.

Baseline characteristics
CHECK cohort

Included hips (N=1416) Excluded hips (N=586) P value

Age in years: mean ( SD) 55.6(5.2) 56.6(5.2) 0.403

Women, No (%) 1,157(81.7) 423(71.9) <0.001

BMI, kg/m²: mean ( SD) 26.2(4.0) 26.1(4.0) 0.395

Alpha angle, °: mean ( SD) 46.4(9.9) 50.9(13.7) <0.001

Triangular index ratio: mean ( SD) 0.96(0.05) 0.74(0.43) <0.001

SD: standard deviation; BMI: body mass index.

Figure 2. The flow of hips in this study
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The incidence of RHOA at 10-year follow-up was 43.6%. Subgroup incidence of RHOA 

was 70.8% in hips with AA ≥ 60° and TIR ≥ 1.05; 52.6% in hips with AA ≥ 60° and TIR < 

1.05; 41.8% in hips with AA < 60° and TIR < 1.05; 66.6% in hips with AA < 60° and TIR 

≥ 1.05 (only 3 cases in this subgroup).

Cam morphology defined by TIR at baseline was significantly associated with the 

development of RHOA at 10-year follow-up with an unadjusted OR of 2.90 (95%CI 

1.69-4.96) and an adjusted OR of 2.48 (95%CI 1.38-4.46). The unadjusted OR for the 

method of AA is 1.92 (95%CI 1.30-2.83) and the adjusted OR is 1.68 (95%CI 1.10-

2.55).

The PPV for developing RHOA was higher in hips with cam morphology defined by TIR 

≥1.05 (PPV=70.6%, 95%CI 59.0%-80.0%) than in those with cam morphology defined 

by AA ≥ 60° (62.3%, 95%CI 53.8%-70.1%), while the NPV was similar within the two 

methods (AA: 58.2%; TIR: 57.8%). The sensitivity and specificity of AA were 12.3% and 

94.3%, respectively. The corresponding values for TIR were 7.8% (95%CI 5.8%-10.2%) 

and 97.5% (95%CI 96.2%-98.5%). Results of sensitivity analysis for the predictive 

performances of TIR ≥ 1.04, 1.03, or 1.02 were also shown in Table 2. 

Figure 3. The distribution of included hips according to their value of alpha angle and triangular 
index ratio with outcome at 10-year follow-up. Two reference lines, indicating the thresholds of 
two measurements, divided hips into four categories (blue/red area: hips with cam morphology 
only fulfilling the alpha angle or triangular index ratio threshold; purple area: hips with cam mor-
phology fulfilling both thresholds; green area: hips without cam morphology not fulfilling either 
threshold).
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DISCUSSION

This prospective cohort study showed a significant association between cam morphol-

ogy defined by TIR ≥1.05 and the development of RHOA within 10 years follow-up. As 

an alternative method of AA for defining cam morphology, TIR offers both advantages 

and disadvantages. This makes each method better suited for different research or 

clinical purposes.

Although the original definition of TIR was initially proposed as a radiological index 

for evaluating femoral head asphericity in 200514, it has seen limited application in 

prior research. In contrast, the AA, which serves the same purpose, is commonly used. 

This is likely due to the simplicity of measuring the AA and the ease with which it 

can be applied to various views of plain radiographs and multiplanar imaging18, 19. 

Conversely, measuring the TIR involves more complex procedures and there is no 

evidence that the TIR can be used on radiographic views other than the AP view.

The limitations of the AA are becoming increasingly apparent. With the widespread 

adoption of automated measurements, the practicality of AA measurement is becom-

ing less of an advantage. In addition, a recent study reported an inter-method ICC 

of 0.46 (95% CI 0.12-0.70) for AA, compared to 0.78 (95% CI 0.59-0.89) for TIR20. 

Table 2. Predictive performances of cam morphology defined by alpha angle or triangular index 
ratio for the development of RHOA at follow-up. 

Method for 
defining cam 
morphology

Yes

The development 
of RHOA Sensitivity 

(95%CI)
Specificity 

(95%CI)
PPV (95%CI)

NPV 
(95%CI)

No

AA
≥ 60° 76 46

12.3% (9.8%-
15.2%)

94.2% (92.4%-
95.8%)

62.3% 
(53.8%-
70.1%)

58.2% 
(57.4%-
59.2%< 60° 541 753

TIR

≥1.05 48 20
7.8% (5.8%-

10.2%)
97.5% (96.2%-

98.5%)

70.6% 
(59.0%-
80.0%)

57.8% 
(57.3%-
58.5%)<1.05 569 779

≥1.04 64 37
10.4% (8.1%-

13.1%)
95.4% (93.7%-

96.7%)

63.4% 
(53.9%-
71.9%)

58.0% 
(57.2%-
58.7%)<1.04 553 762

≥1.03 92 52 14.9% 
(12.2%-
18.0%)

93.5% (91.6%-
95.1%)

63.9% 
(56.2%-
71.0%)

58.7% 
(57.8%-
59.6%)<1.03 525 747

≥1.02 120 82 19.45% 
(16.4%-
22.8%)

89.7% (87.4%-
91.7%)

59.1% 
(58.0%-
60.2%)

59.1% 
(56.5%-
61.7%)<1.02 497 717

AA: alpha angle; TIR: triangular index ratio; PPV: positive predictive value; NPV: negative predictive value.
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This variance can be attributed to the different measurement procedures for both 

measurements. The value of AA is defined by the position of the alpha point, which 

is related to the position of the best-fitting circle of the femoral head. In contrast, 

the measurement of TIR is less influenced by this factor20. Moreover, we previously 

identified several distinct subtypes of cam morphology defined by an alpha angle ≥ 

60°, where only some were relevant to RHOA development. These findings suggest 

that relying solely on the alpha angle to define cam morphology may be not suitable 

for researches aiming to efficiently identify high-risk subgroups for RHOA through the 

presence of cam morphology.

The TIR is a promising method for quantifying cam morphology. Our result of the 

logistic regression model indicates that hips with cam morphology defined by the TIR 

with a threshold value of ≥1.05 have 2.5 times higher odds (95%CI 1.38-4.46) of de-

veloping RHOA at 10-year follow-up compared to those without. As a comparison, the 

ORs for AA in the same population at the same follow-up is 1.68 (95%CI 1.10-2.55). 

The TIR therefore can be seen as a valuable tool for quantifying cam morphology and 

identifying those with high risk of RHOA. Since the TIR focuses on the distance from 

the most lateral part of the femoral head-neck junction to the femoral head center, 

slight deviations from a spherical femoral head which result in higher AA values 

will not be classified as cam morphology with the TIR. In our results, we identified 

122 cases with AA-defined cam morphology while only 68 cases were identified by 

TIR. 46.7% (57 out of 122) of cases with AA-defined cam morphology had TIR values 

ranging from 1.00-1.05 indicating no to slight prominence at the femoral head-neck 

junction. 

From the distribution of two measurements, both of which aim to serve the same pur-

pose, a positive linear correlation between two values seems to be observed within 

the included hips. There was some overlap between values of the AA and the TIR, with 

65 hips having both an AA ≥60° and a TIR ≥1.05. These overlapping cases have a high 

deviation to an aspherical femoral head and also have obvious lateral prominence 

at the femoral head-neck junction, fitting the description of cam morphology well. 

Notably, there were 3 cases captured by TIR ≥1.05 but with AA < 60°, indicating the 

contour of the femoral head-neck junction exceeded but then re-entered the best-

fitting circle of the femoral head. Although such cases are rare and lack an obvious or 

typical cam morphology, it is not reasonable to classify them as normal based solely 

on the AA.

The AA and TIR each have their advantages in defining the RHOA-relevant cam 

morphology. The PPV for RHOA incidence increased from 63.3% to over 70%, when 
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using the TIR to define cam morphology rather than the AA. However, the sensitiv-

ity obtained with the AA (12.3%) is higher than obtained with TIR (7.8%), which also 

indicates that using TIR alone will lead to a loss of a proportion of interested cases. 

The difference between the predictive performance of the two measurements primar-

ily stems from a substantial portion of hips having an AA ≥60° but a TIR <1.05. The 

incidence of RHOA in this subgroup (52.6%) is considerably lower than that in hips 

with AA ≥60° and TIR ≥1.05 (70.8%), but is higher than in normal hips (AA <60° and TIR 

<1.05) (41.8%). Therefore, TIR ≥1.05 provides a more accurate definition for the pres-

ence of cam morphology, though it overlooks some RHOA-relevant cases. In contrast, 

AA ≥ 60° can capture more target cases, though this leads to lower accuracy. Depend-

ing on the goal of research, the two methods can have different uses. Using the AA 

could reduce the risk of missing relevant RHOA cases during screening. Conversely, 

the TIR can more precisely identify individuals at high risk of RHOA, aiding in early 

intervention decisions.

Our study has several limitations. Firstly, the threshold value of the TIR used lacked 

extensive support from previous studies, given the limited application of the TIR. The 

threshold we used, TIR ≥1.05, though showed good predictive performance compared 

to AA and other TIR thresholds but still needs external validation. Secondly, the 

generalizability of our findings cannot be generalized to a younger or asymptomatic 

population. Participants in the CHECK cohort study experienced first-onset symptoms 

in either their hip or knee, or both, and were aged between 45 and 65 years at base-

line. Consequently, future research should focus on externally validating our findings 

across different demographic groups. 

In conclusion, baseline cam morphology defined by a TIR ≥ 1.05 is associated with the 

development of RHOA 10 years later and showed higher positive predictive values 

than the alpha angle. The TIR could serve as a promising alternative to the alpha angle 

for quantifying cam morphology in future research.
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In this thesis, cam morphology defined by different methods and its role in the 

development of RHOA was studied. In the first part, we introduced the automated 

measurements used to quantify cam morphology. In the second and third parts, we 

studied the role of cam morphology in the development of RHOA and the presence of 

hip pain, respectively. In the last part, we explored the cam morphology beyond the 

alpha angle and defined cam morphology in other ways.

DEFINITION OF CAM MORPHOLOGY

Historically, the terminology of cam morphology has evolved from describing a spe-

cific shape (“pistol grip”) to a pathological deformity (“cam deformity”), and now to 

a more commonly used term reflecting a morphology around the femoral head-neck 

junction (“cam morphology”)1. Regardless of its terms, cam morphology essentially is 

characterized by a cartilage or bony prominence at the femoral head-neck junction, 

resulting in a deviation from a spherical to an aspherical femoral head. 

In Chapters 3-6, we quantified cam morphology by the alpha angle on radiographs. 

This method captures the extent of sphericity of the femoral head and is widely used 

due to its simplicity and applicability across various radiographic views and 3D imag-

ing scans. Previous studies reported different alpha angle thresholds to dichotomize 

the presence of cam morphology, ranging from 50.5° up to 83° 2. Our choice of a 

60° threshold is supported not only by a recent international consensus but also by 

the bimodal distribution of alpha angles observed in the CHECK cohort, which natu-

rally distinguishes hips with and without cam morphology3. Additionally, higher alpha 

angles have been associated with cartilage defects and labral tears4. In Chapter 3, we 

also used a higher threshold value of alpha angle (78°) to define a large cam mor-

phology and found a stronger association with the development of RHOA. There is an 

argument that dichotomizing the continuous alpha angle can lead to a loss of power 

and incomplete adjustment for confounding factors 5, 6. Therefore, we also directly 

used the continuous alpha angle value in Chapters 3 and 4, although this complicates 

the interpretation of cam morphology. 

All alpha angles in this thesis were calculated on anteroposterior (AP) view radio-

graphs. Cam morphology is mostly located at the anterosuperior part of the femoral 

head-neck junction, therefore the 45° Dunn view could be the optimal view to capture 

cam morphology 7, 8. However, radiographic data in such view in large sample is rare 

and the more superiorly located cam morphologies are captured well in the AP view. 

Only using radiographs across this thesis might be a limitation, as cam morphology is 
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a 3D structure at the femoral head-nice junction, the description of its captured con-

tour in a 2D view cannot provide more detailed information. However, the use of CT 

and MRI for large-scale screening is limited due to being time-consuming, expensive, 

and higher requirements for facilities and radiologists. Therefore, radiographs may be 

the best solution as a screening tool for large samples.

Besides the alpha angle, other radiographic measurements have been introduced to 

assess femoral head sphericity. In Chapter 7, we used the triangular index ratio (≥1.05) 

to define cam morphology. This method, derived from the triangular index proposed 

by Gosvig et al., captures the most lateral part of the femoral head-neck junction, in 

contrast to the alpha angle, which measures where the femoral head-neck junction 

begins to deviate from the best-fitting circle of the femoral head. These two methods 

therefore focus on different aspects of cam morphology, which will be discussed in 

more detail below.

PREVALENCE OF CAM MORPHOLOGY

The prevalence of cam morphology varies significantly, ranging from 5% to 75%, de-

pending on the study population’s characteristics, such as age, sex, ethnicity, athletic 

activity, and symptomatology 9. Cam morphology is generally reported to be more 

prevalent in males than females10. Our results in Chapters 3 and 4 support this, with 

prevalence rates of 23.7% in males versus 5.4% in females in the CHECK cohort and 

20.2% in males versus 5.1% in females in the World COACH consortium. This difference 

may be explained by the fact that females mature earlier than males and likely experi-

ence less exposure to repetitive axial loading during their second growth spurt10. The 

prevalence of cam morphology tends to increase gradually during skeletal growth10. 

Although our data focuses on a middle-aged population, we observed an interesting 

trend in Chapter 4: the prevalence of cam morphology decreases with aging. The 

40-50 age group had the highest prevalence at 11.4% compared to other subgroups. 

Typically, cam morphology stabilizes after skeletal maturation, and thus, its preva-

lence remains constant over time. However, with increasing age, the dropout rate 

also increases, particularly in older groups, which may explain our findings. Although 

this thesis does not aim to provide the prevalence of cam morphology in subgroups 

categorized by athletic activity, ethnicity, or symptomatology, previous studies have 

found a higher prevalence in athletic or symptomatic populations11, 12, with the lowest 

prevalence observed in individuals of East Asian ethnicity13. These findings suggest 

that these characteristics could be important factors to consider when studying the 

prevalence of cam morphology in future research. 
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DEFINITION OF THE DEVELOPMENT OF RADIOGRAPHIC HIP 
OSTEOARTHRITIS

In this thesis, the development of RHOA is defined as a transition from being free of 

OA at baseline to having definite RHOA at follow-up. Hip OA is characterized by the 

destruction of articular cartilage and reactive bone changes, which are radiographi-

cally manifested as joint space narrowing (JSN), the presence of osteophyte forma-

tion, the presence of subchondral cysts, or remodeling of the articular surface14, 15. 

Among these radiographical changes, JSN and osteophyte formation are the most 

used indicators for assessing the status of hip OA. The JSN refers to the distance 

between the acetabular roof and the femoral head, reflecting the combined thickness 

of the acetabular and femoral head cartilages16. While the osteophytes form as bony 

lumps compensating for the lost cartilage when the hip bone is damaged by OA or 

other chronic inflammatory rheumatic disease17, 18. 

The definite absence of these two radiographical changes is typically used to define 

freedom from OA in various classifications, including the Kellgren-Lawrence (KL) 

classification19, the Tönnis’ classification20, and the Croft classifications21. The CHECK 

cohort used the KL classification to assess the OA status, with grades from 0 (no OA) 

to 4 (severe OA). Hips were considered free of OA if their baseline KL grade was less 

than 2, which included hips with doubtful OA (KL grade = 1) in the non-OA group. 

This dichotomization aimed to simplify OA status classification, as possible JSN or 

osteophytic lipping alone is insufficient to define definite OA. In Chapter 4, the World 

COACH consortium adopted a harmonized classification system with a trichotomous 

outcome for radiographic hip osteoarthritis (RHOA), rather than the traditional binary 

approach. This new classification allowed us to explore whether “doubtful RHOA,” 

often considered a necessary and irreversible stage in the progression from no osteo-

arthritis to definite OA, plays a role in the development of RHOA. Furthermore, unlike 

the CHECK cohort, the World COACH consortium’s dataset includes over 70,000 hips, 

providing a large enough sample size to exclude cases of doubtful RHOA at baseline.

Definite RHOA is characterized by the presence of JSN and osteophytes in follow-up 

radiographs. Additionally, hips that underwent total hip replacement (THR) could be 

considered as an outcome for both clinical and radiographical end-stage hip OA, there-

fore these cases were also included in the definition of definite RHOA. Although RHOA 

status can be classified into early-stage, moderate, and severe (end-stage) based on 

the extent of JSN, osteophyte size, or other structural changes, we did not delve into 

these distinctions in most chapters of this thesis. Instead, we grouped them under a 

single “definite OA” category. The only exception is in Chapter 3, where a secondary 
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outcome—the development of end-stage RHOA—was defined as either a follow-up 

KL grade of 3 or higher or a THR. This approach allowed us to examine whether cam 

morphology has varying effects on different stages of osteoarthritis progression. Our 

findings indicated a stronger association of cam morphology with this outcome com-

pared to incident RHOA (KL grade ≥2 or a THR). This suggests that the development of 

end-stage RHOA may also be a significant and interesting outcome for future studies 

focusing on cam morphology.

CAM MORPHOLOGY AS A RISK FACTOR FOR RADIOGRAPHIC HIP 
OSTEOARTHRITIS

The association between cam morphology and the development of RHOA has been 

well-studied over the past two decades. A recent retrospective study within the 

Rotterdam study demonstrated a significant risk ratio of 1.80 (1.35–2.38) for cam 

morphology leading to incident RHOA22. Cross-sectional studies have also reported 

ORs ranging from 2.12 (1.17-3.83) to 2.91 (1.43-5.93) for the association between 

cam morphology and joint damage23, and ORs from 3.20 (2.41-4.25) to 10.38 (5.04-

21.44) for the association with hip OA24, 25. In prospective studies26-28, the strength 

of the association varied greatly with ORs of 1.21 (1.07-1.37) to 4.46 (1.8-11.3) for 

developing RHOA. All these findings indicate the significant variability for risk of cam 

morphology to RHOA. 

In previous prospective studies, with follow-up periods ranging from 3 to over 20 

years, there seemed to be a trend of weaker associations with a longer follow-up29. 

It has previously been hypothesized that cam morphology can lead to the develop-

ment of hip OA within a few years of follow-up rather than a gradual development 

over a decade or more30. Our findings in Chapter 3 showed a consistent significant 

association between cam morphology and incident RHOA, with ORs ranging from 2.7 

(1.8–4.1) to 2.9 (2.0–4.4). This suggests that for individuals aged 45 to 65 years, the 

strength of association between cam morphology and RHOA development does not 

significantly change over time. 

The differences in the strength of association between various studies may be attrib-

uted to heterogeneity in the populations and definitions of RHOA and cam morphology. 

The study in Chapter 4 aimed to address this issue by demonstrating the association 

between cam morphology and RHOA using harmonized data from nine prospective 

cohorts. By combining different populations and utilizing a uniform calculation for 

the alpha angle and a harmonized definition of incident RHOA, the generalizability of 
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the results is much higher than in individual studies. In this study, cam morphology 

was associated with the development of RHOA with a lower OR of 1.87 (1.36-2.59), 

likely due to the exclusion of doubtful RHOA at baseline. In contrast, previous studies 

typically included hips with doubtful RHOA in the non-RHOA group along with hips 

free of RHOA. Unlike hips free of RHOA, hips with doubtful RHOA already exhibit some 

structural changes more likely to progress to definite RHOA. Therefore, including hips 

with doubtful RHOA at baseline affects the true incidence of RHOA at follow-up.

The size of cam morphology also influences the risk of RHOA. In Chapter 3, we found 

a stronger association with RHOA for large cam morphology (alpha angle ≥ 78°). In 

Chapter 4, each degree increase in the alpha angle had an OR of 1.02(1.01-1.03) for 

RHOA. A larger cam morphology may cause earlier and more extensive cartilage dam-

age due to premature contact between the cam and acetabulum during hip motion. 

Additionally, larger cam morphology can lead to higher peak contact pressures on the 

acetabular cartilage during extensive hip motion, compared to smaller cam morphol-

ogy. 

Notably, this thesis did not study the role of cam morphology in RHOA at a younger 

population aged from 20 to 40 years. Cam morphology begins to develop around age 

13 and stabilizes after skeletal maturation, whereas hip OA typically appears later, 

usually in individuals in their late 40s to mid-50s. The role of cam morphology in the 

period from stabilization to the onset of radiographic OA is rarely studied, therefore 

it is not fully understood. It is believed that cam morphology may lead to the rapid 

development of hip OA in young athletes31. High alpha angles have been associated 

with MRI-defined cartilage defects (OR: 1.03, 1.01-1.04) and labral tears (OR: 1.02, 

1.01-1.04) in young football players with a mean age of 26 years4. Another study in 

the FORCe cohort found that cam morphology, defined through statistical shape mod-

eling, was associated with cartilage defects (OR: 1.34, 1.05-1.69) and labral tears (OR: 

1.30, 1.01-1.69) in high-impact athletes without RHOA32. These findings indicate that 

individuals with cam morphology may experience OA-related structural changes at a 

very young age. Notably, these early changes are typically not enough to be classified 

as definite RHOA and may lead to the development of RHOA only after a prolonged, 

gradual progression. 
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CAM MORPHOLOGY AS A KEY TYPE OF FEMOROACETABULAR 
IMPINGEMENT SYNDROME

Femoroacetabular impingement (FAI) syndrome is a motion-related clinical disorder 

of the hip, characterized by symptomatic premature contact between the proximal 

femur and the acetabulum33. It can be diagnosed by a combination of symptoms, 

clinical signs, and imaging findings. The primary symptom of FAI syndrome is motion-

related or position-related pain in the hip or groin34. By morphological assessment, 

the FAI syndrome can represent as cam morphology, the focus of this thesis, or/and 

pincer morphology, which refers to the overcoverage of the femoral head by the ac-

etabulum34. The diagnostic criteria of FAI syndrome indicate that there is a substantial 

proportion of the population with cam morphology is asymptomatic. 

In previous studies, the association between cam morphology and experiencing hip 

pain showed conflicting results, with some studies finding significant associations 
35-38 and others finding nones39-43. One potential explanation for these discrepancies 

might be the fluctuating nature of hip pain over time. The prevalence of hip pain 

reported in Chapter 5, ranges from 27.5% to 40.0% over 10 years, highlighting this 

character of pain. In all previous, the data of hip are required by participants’ self-

reporting at one-time point. Past studies have relied on self-reported data at single 

time points, which introduces subjectivity and affects the observed associations. In 

Chapter 5, baseline cam morphology in males was associated with hip pain at a 5-year 

follow-up but not at other time points, suggesting that pain fluctuation impacts this 

association. Therefore, a more objective method for collecting data on pain in future 

studies is needed. Multiple follow-ups, as conducted in Chapter 5, can be a solution. 

Additionally, using specifically designed tools such as the International Hip Outcome 

Tool (iHOT), Hip and Groin Outcome Score (HAGOS), and Hip Outcome Score (HOS) can 

reduce the subjectivity inherent in self-reported outcomes.

Biological sex might play an important role between cam morphology and hip pain. In 

Chapter 5, we observed no significant association between cam morphology and hip 

pain in females, with odds ratios fluctuating around 1. In contrast, males showed con-

sistent odds ratios exceeding 1. This aligns with findings from a cross-sectional study 

in UK Biobank, where cam morphology was associated with hip pain only in males 

(OR: 1.48, 1.05-2.09)43. This difference may be due to variations in cam morphology 

manifestations and pain sensitivity between sexes. Males typically have higher mean 

alpha angles, leading to a higher prevalence of cam morphology and a greater risk 

of cartilage defects and labral tears. In Chapter 6, a subtype of cam morphology was 

found to be protective against RHOA in females, but no such effect was observed in 
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males, indicating the need for further investigation into the sex-specific effects of cam 

morphology on hip pain. Experimental pain studies have shown that females exhibit 

heightened pain sensitivity, increased pain facilitation, and reduced pain inhibition 

compared to males44. In Chapter 5, the prevalence of hip pain is consistently higher 

in the female group, at almost all follow-up time points (10 out of 11), with the most 

significant difference observed at the 2-year follow-up (37.2% in females vs. 28.0% 

in males). These findings underscore the importance of considering biological sex in 

studies on cam morphology and hip pain.

SUBTYPES OF CAM MORPHOLOGY

There were a variety of terms used to describe the shape of cam morphology, includ-

ing but not limited to “pistol grip deformity”, “tilt deformity”, “hump”, “flattening”, 

and “oval-shape”45. These terms aim to characterize the shape of cam morphology but 

vary significantly. The alpha angle measures the extent of femoral head asphericity 

but does not distinguish between different shapes of cam morphology. Statistical 

shape modeling (SSM), a novel shape analysis technique, can be a useful tool to quan-

tify the shape of cam morphology.

The SSM has gained increasing attention due to the recognized importance of hip 

morphology. SSM-defined shape variants of the hip had been used to predict an inci-

dent or progressive hip OA or future THR previously, demonstrating high effectiveness 

in quantifying shape variation. However, most of those studies focused on the entire 

hip or pelvis without further exploring the specific area of the femoral head-neck 

junction. A study in the FORCe cohort found that certain hip shape variants potentially 

representing cam morphology were associated with cartilage defects while others 

with cam morphology were not, possibly indicating the existence of different subtypes 

of cam morphology 32. Another study used SSM to explore cam morphology through 

parameters such as cam volume, surface area, and height. However, the differences of 

those radiographic parameters were not used to further classify cam morphology into 

subtypes46.

In Chapter 6, we conducted a prospective cohort study using SSM to analyze shape 

variants in the femoral head-neck junction, which is the first relevant study focused 

only on cam morphology. Since the shape modes are defined by the population from 

which they were created, we built three independent SSMs based on hips from only 

males or females or a combined group. Based on the alpha angle ≥60°, four distinct 

subtypes of cam morphology were identified, and one subtype representing a “flat-
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tened head-neck junction” was the only RHOA-associated subtype in all three groups. 

Another subtype, described as a “pistol grip-shaped prominence”, was associated 

with RHOA only in males. Conversely, a flattened femoral neck with clear curvature 

appeared to be protective against RHOA in females. These findings might help explain 

the results from Chapter 4, where males with cam morphology had a higher relative 

risk (2.50) of developing RHOA compared to females (1.75).

The clinical implications of those identified subtypes of cam morphology is that by 

simply identifying the morphological characteristics represented by each indepen-

dent shape mode, those with RHOA-relevant subtypes can be distinguished. Those 

with alpha angle ≥60° but without RHOA-relevant shape variations can therefore be 

prioritized lower for intervention. Our findings emphasize the need for further valida-

tion in diverse populations and with the use of 3D imaging.

THE ALPHA ANGLE AND TRIANGULAR INDEX RATIO

In this thesis, the alpha angle was used to quantify the cam morphology in Chapters 

3-6 with a threshold value of 60°. However, our findings in Chapter 6 suggest that 

the alpha angle alone may not accurately define cam morphology, as some subtypes 

captured were not relevant to RHOA. In Chapter 2, we introduced the automated 

measurement of the alpha angle, which depends on the position of the alpha points. 

This point refers to where the contour of the femoral head-neck junction begins to 

leave the best-fitting circle around the femoral head. According to the subtypes of 

cam morphology we identified, the most prominent part of cam morphology may 

be located more lateral than this alpha point. Therefore, using alpha angle alone to 

define cam morphology may yield inaccuracies.

In Chapter 7, we investigated the association between cam morphology defined by 

triangular index ratio and the development of RHOA at 10-year follow-up with a sig-

nificant OR of 2.48 (1.38-4.46). This value cannot be directly comparable to the ORs 

for alpha angle-defined cam morphology in Chapter 3 due to the different included 

populations of the two studies. However, by comparing the predictive performance 

for RHOA of the two methods, the triangular index ratio showed a higher positive pre-

dictive value (70.6% vs 62.3%) and a lower sensitivity (7.8% vs 12.3%) than the alpha 

angle for RHOA. These indicate that both of the two methods have their advantages in 

defining the RHOA-relevant cam morphology. Therefore, triangular index ratio ≥1.05 

provides a more accurate definition for the presence of cam morphology, though it 

overlooks some RHOA-relevant cases. In contrast, the alpha angle ≥60° can capture 
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more target cases, though this leads to lower accuracy. Depending on the goal of the 

research, the two methods have different clinical implications. The alpha angle is more 

suitable as a screening test for large sample sizes, ensuring most suspected cases are 

identified. Conversely, the triangular index ratio can precisely identify individuals at 

high risk of RHOA, aiding in early intervention decisions.

THE POPULATION

Data from the CHECK cohort was used across this thesis. The CHECK (Cohort Hip and 

Cohort Knee study) cohort is a Dutch prospective cohort study aiming to study the 

course, prognosis, and underlying mechanisms of early symptomatic OA. Therefore, 

Participants are middle-aged (45-65 years) individuals experiencing their first episode 

of pain in the hip and/or knee. Those with other pathological conditions explaining the 

symptoms were excluded, resulting in a baseline cohort of 1,002 participants. These 

criteria lead to a higher incidence of radiographic hip osteoarthritis (RHOA) in the 

CHECK cohort compared to other asymptomatic cohorts. Standardized weight-bearing 

AP hip or pelvic radiographs were obtained at baseline, 2-, 5-, 8-, and 10-year follow-

ups. These follow-up data allow for the investigation of the association between cam 

morphology and RHOA (discussed in Chapter 3) and hip pain (discussed in Chapter 5) 

over multiple time points.

The Worldwide Collaboration on Osteoarthritis prediCtion for the Hip (World COACH) 

is an international consortium of nine prospective cohort studies worldwide, which 

are introduced in Chapter 4. At baseline, the alpha angle was uniformly calculated 

using an automated algorithm, enhancing reliability across different cohorts. Follow-

up periods varied among these cohorts, ranging from 5 to over 25 years. To ensure 

consistency, a window period of 4-8 years after baseline was selected for follow-up 

data. Harmonizing data from multiple cohort studies into an individual participant-

level database provides a large sample size and improves the generalizability of the 

findings. It also allows for subgroup-specific risk estimation for developing RHOA, 

such as by age, sex, and BMI categories. Utilizing data from the World COACH con-

sortium enhances our understanding of the risk effects of cam morphology on the 

development of RHOA. 
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CLINICAL IMPLICATIONS

Cam morphology is a notable risk factor for developing RHOA in individuals without 

any existing radiographic signs of hip OA. Early identification through simple radio-

graphic measurements can help identify high-risk groups in their early years. This 

method is also suitable for large-scale population screening. By using the triangular 

index ratio and identifying morphological characteristics represented by RHOA-rel-

evant subtypes of cam morphology, the detection accuracy can be highly improved. 

This early detection enables preventive measures through lifestyle and physical ac-

tivity interventions, potentially mitigating the risk of developing RHOA. Our findings 

highlight the importance of further investigating the etiology of cam morphology. 

Although cam morphology remains stable after skeletal maturity, its formation could 

potentially be influenced during skeletal growth. The prevalence of cam morphology 

is reported higher in those who long-termly participate high-impact sports than in the 

nonathletic population, indicating duration of physical activity of high loading can be 

an interesting target. Notably, there is no strong association between cam morphology 

and hip pain over a 10-year follow-up. Therefore, the presence of cam morphology on 

radiographs should not be used to predict future hip pain, especially in females.

FUTURE PERSPECTIVE

In this thesis, most data were derived from the CHECK cohort, which may limit the 

generalizability of findings to younger or asymptomatic populations. There is a no-

table gap in research focusing on the association between cam morphology and its 

development in individuals aged 20 to 40 years. Current studies often target young 

athletic populations, such as football players, rather than the general population. 

Therefore, future research should consider including a younger, general population to 

enhance our understanding of cam morphology.

Using harmonized data from multiple cohorts can improve the generalizability of 

findings. The World COACH consortium, for instance, provides a valuable resource for 

such endeavors. However, harmonizing OA scores assessed by different classifications 

is challenging, emphasizing the need for a uniform definition of RHOA. Excluding hips 

with doubtful diagnoses from the baseline is crucial, as they can impact the associa-

tion between cam morphology and definite RHOA.

Sex differences play a significant role in the risk associated with cam morphology. Our 

findings show different associations between cam morphology and hip pain, as well as 
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between SSM-defined subtypes of cam morphology and development in males and fe-

males. Additionally, we identified a protective subtype of cam morphology in females, 

but not in males. These results highlight the importance of sex stratification in studies 

related to cam morphology. The underlying reasons for these sex differences are not 

fully understood and warrant further investigation through well-designed studies.

This thesis utilized AP radiographs for radiographic measurements. However, cam mor-

phology is a 3D structure at the femoral head-neck junction, and 2D measurements 

like the alpha angle or triangular index ratio cannot fully capture its morphological 

information. MRI-based studies have shown that volume, surface area, and height of 

cam morphology can be assessed through MRI scans, providing more comprehensive 

data than radiographs. Despite their advantages, 3D imaging scans are less commonly 

used due to high costs and facility requirements. Future studies on cam morphology 

should consider incorporating 3D imaging to enhance accuracy.

The triangular index ratio shows potential as a measurement method for quantifying 

cam morphology with better predictive performance for RHOA. Although this method 

is seldom used, it has demonstrated high effectiveness in defining RHOA-relevant cam 

morphology in the CHECK cohort, with a threshold of 1.05. Whether triangular index 

ratio-defined cam morphology is closer to a real cam morphology than alpha angle-

defined cam morphology needs more research explorations.

The identification of cam morphology subtypes is a novel area of research. Our study 

in Chapter 6, though identified four distinct subtypes of cam morphology, serves more 

as a proof of concept rather than a direct translation of these findings into clinical 

practice. The morphological characteristics represented by each subtype need valida-

tion in SSM studies based on other populations. Future research should also consider 

using 3D imaging to explore and classify the shapes of cam morphology further. 

CONCLUSION

This thesis demonstrated that cam morphology defined by an alpha angle ≥60° is a 

significant risk factor for the development of RHOA. This association remained con-

sistently significant over a 10-year follow-up period, although the strength of this 

association was reduced in a harmonized database excluding hips with doubtful RHOA 

at baseline. Biological sex appears to play a crucial role in the relationship between 

cam morphology and hip pain. Specifically, we found a significant association between 

baseline cam morphology and hip pain at the 5-year follow-up in males, while no 
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such relationship was observed at other time points or in females. Additionally, sex 

differences were evident in the subtypes of cam morphology defined by statistical 

shape modeling. Four distinct subtypes of cam morphology were identified based on 

an alpha angle ≥60°. Among them, one subtype representing a “flattened head-neck 

junction” was associated with RHOA development in both males and females; a “pistol 

grip-shaped prominence” was associated with RHOA only in males; a flattened femo-

ral neck with clear curvature appeared to be protective against RHOA only in females. 

Given the part of subtypes of cam morphology captured by the alpha angle ≥60° 

are non-relevant to RHOA, we therefore tried to use another method to define cam 

morphology. Cam morphology defined by a triangular index ratio ≥1.05 at baseline 

is associated with the development of RHOA 10 years later. Triangular index ratio can 

offer a more precise definition of the presence of cam morphology while the alpha 

angle can ensure the capture of more target cases. 
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SUMMARY

Cam morphology is a significant risk factor for hip osteoarthritis (OA). Given the cur-

rent absence of curative treatment for this condition, it is essential to understand 

the role cam morphology plays in the development of hip OA. This thesis consists 

of four parts. The first part introduces the radiographic methodology that was used 

across the whole thesis. In the second part, we aimed to investigate the relationship 

between baseline cam morphology and the development of radiographic hip osteo-

arthritis (RHOA) through multiple visits or within a harmonized database. The third 

part focuses on the relationship between cam morphology and hip pain symptoms. 

The last part identifies subtypes of cam morphology captured by the alpha angle and 

examines whether the triangular index ratio is an alternative method to the alpha 

angle for defining cam morphology.

In Chapter 2, we introduced automated measurements for defining cam morphology 

on pelvic radiographs and assessed the reliability and agreement of both manual and 

automated measurements. Automated measurements for both the alpha angle and 

triangular index ratio were found to be valid in a clinical setting. The inter-method 

intraclass correlation coefficients (ICCs) were 0.46 for the alpha angle and 0.78 

for the triangular index ratio, demonstrating comparable performance to manual 

measurements by trained observers. These automated measurements were used in 

subsequent chapters.

The association between cam morphology and the development of RHOA has been 

explored in several prior studies, though with varying strengths of association. In 

Chapter 3, we proposed that time may be a key factor influencing this relationship, 

therefore we investigated the association between the two across multiple visits over 

10 years in the CHECK cohort. Our findings indicate that cam morphology is consis-

tently associated with the development of RHOA at all follow-ups with adjusted odd 

ratios (aORs) ranging from 2.7 (95%CI 1.8–4.1) to 2.9 (95%CI 2.0–4.4). 

The different definitions of both cam morphology and RHOA as well as the diverse 

demographics of study populations might also be the explanation for the consider-

able heterogeneity in the  results of previous studies. To address this, Chapter 4 

investigated the association of cam morphology with the development of RHOA in 

the World COACH consortium. In this study, the alpha angle was uniformly calculated, 

and the definition of cam morphology was standardized. We also harmonized the OA 

scores across different classification systems, resulting in a three-categories outcome 

for RHOA (free of RHOA, doubtful RHOA, and definite RHOA) instead of a binary one. 
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All hips with doubtful RHOA at baseline were excluded from the analysis of this study. 

In this harmonized dataset, cam morphology was associated with the development 

of RHOA with aORs of 1.87 (95%CI 1.36-2.59). The strength of this association was 

weaker but more generalized than previous findings.

Chapter 5 aimed to investigate the association between cam morphology and the 

presence of hip pain over 10 consecutive annual follow-ups. Hips from the CHECK 

cohort were divided into three subgroups : male, female and sex-combined group. 

Significant association was found in the male group at five-year follow-up [aOR: 1.77 

(95%CI: 1.01-3.09)], while no such association was observed at other time points or 

in the other subgroups. Notably, all aORs in the male group were consistently above 

1, whereas in the female group, they fluctuated around 1 over the 10-year period. Our 

findings suggested that biology sex might play a role between cam morphology and 

RHOA.

In Chapter 6, we identified four distinct morphological subtypes of cam morphology 

on the AP radiographs using statistical shape modeling. Only certain subtypes, such 

as a flattened head-neck junction or a pistol grip-shaped prominence (only in males), 

were found acting as risk factors for the development of RHOA at 10-year follow-up. 

This indicates that not all cam-related shape variations as captured by the alpha angle 

may be relevant in the development of RHOA, suggesting the need to look beyond the 

alpha angle as a sole measurement for cam morphology.

Given the inaccuracy of the alpha angle for defining cam morphology, we explored 

whether the triangular index ratio could serve as an alternative method. In Chapter 

7, we investigated the association between cam morphology, defined by triangular 

index ratio ≥1.05, and the development of RHOA at 10-year follow-up in the CHECK 

cohort. Meanwhile, we compared the predictive performance for RHOA of two meth-

ods by calculating sensitivity, specificity, positive predictive value (PPV), and negative 

predictive value (NPV). With an aOR of 2.48 (95% CI 1.38-4.46), a higher PPV (70.6% 

vs 62.3%), and a lower sensitivity (7.8% vs 12.3%), we believe the triangular index 

ratio offers a more precise definition of the presence of cam morphology while the 

alpha angle can ensure to capture more target cases.

Finally, Chapter 8 generally discussed the main findings, interpretations, clinical 

implications, strengths, and limitations of this thesis.
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SAMENVATTING

Cam-morfologie is een significante risicofactor voor heupartrose. Aangezien er mo-

menteel geen curatieve behandeling voor artrose beschikbaar is, is het essentieel 

om de rol van cam-morfologie in de ontwikkeling van heupartrose te begrijpen. Dit 

proefschrift bestaat uit vier delen. Het eerste deel introduceert de methodologie 

die door het gehele proefschrift heen wordt gebruikt. In het tweede deel hebben we 

de relatie tussen cam-morfologie en het ontstaan van van radiologische heupartro-

seonderzocht. Zowel op meerdere tijdstippen binnen het CHECK cohort als binnen het 

World COACH consortium; een verzameling van alle wereldwijd beschikbare prospec-

tieve cohort studies. Het derde deel richt zich op de relatie tussen cam-morfologie 

en symptomen. Het laatste deel identificeert subtypes van cam-morfologie, gemeten 

met de alfahoek, en onderzoekt of de triangular index ratio een alternatief is voor de 

alfahoek bij het definiëren van cam-morfologie.

In hoofdstuk 2 introduceerden we geautomatiseerde metingen voor het definiëren 

van cam-morfologie op röntgenfoto’s van het bekken en evalueerden we de be-

trouwbaarheid en overeenstemming van zowel handmatige als geautomatiseerde 

metingen. Geautomatiseerde metingen van zowel de alfahoek als de triangular index 

ratio bleken matig tot goed reproduceerbaar te zijn. De intraclass correlatiecoëf-

ficiënten (ICC’s) tussen deze twee methodes waren 0.46 voor de alfahoek en 0.78 

voor de triangular index ratio, wat vergelijkbaar is met de reproduceerbaarheid van 

handmatige metingen door getrainde waarnemers. Deze geautomatiseerde metingen 

werden gebruikt in de volgende hoofdstukken.

De associatie tussen cam-morfologie en het ontstaan van radiologische heupartrose is 

al in verschillende studies onderzocht, hoewel met wisselende sterktes van associatie. 

In hoofdstuk 3 stellen we dat follow-up tijd een mogelijke factor kan zijn in de sterkte 

van associatie en daarom onderzochten we de associatie tussen cam-morfologie en 

radiologische heupartrose gedurende meerdere bezoeken over een periode van 10 

jaar in de CHECK-cohort. Onze bevindingen tonen aan dat cam-morfologie consequent 

geassocieerd is met de ontwikkeling van RHOA bij alle follow-ups, met geadjusteerde 

odds ratio’s (aOR’s) variërend van 2.7 (95% CI 1.8–4.1) tot 2.9 (95% CI 2.0–4.4).

De verschillende definities van zowel cam-morfologie als radiologische heupartrose, 

evenals de diverse demografieën van studiepopulaties, kunnen de aanzienlijke 

heterogeniteit in de resultaten van eerdere studies mogelijk verklaren. Om dit aan 

te testen, onderzochten we in hoofdstuk 4 de associatie tussen cam-morfologie en 

het ontstaan van radiologische heupartrose in het world COACH-consortium. In deze 
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studie werd de alfahoek uniform berekend en werd de definitie van cam-morfologie 

gestandaardiseerd. We harmoniseerden ook de radiologische artrose scores van 

de verschillende classificatiesystemen, wat resulteerde in een uitkomst met drie 

categorieën voor radiologische heupartrose (vrij van artrose, twijfelachtige artrose, 

en evidente artrose) in plaats van een binaire uitkomst. Alleen heupen vrij van radi-

ologische heupartrose bij aanvang werden geïncludeerd. In deze geharmoniseerde 

dataset was cam-morfologie geassocieerd met het ontstaan van radiologische heu-

partrose met een aOR van 1.87 (95% CI 1.36-2.59). De sterkte van deze associatie was 

zwakker dan eerder gerapporteerd maar beter toepasbaar op de algemene populatie.

Hoofdstuk 5 had tot doel de associatie tussen cam-morfologie en de aanwezigheid 

van heuppijn gedurende 10 opeenvolgende jaarlijkse follow-ups te onderzoeken. 

Heupen uit het CHECK-cohort werden verdeeld in drie subgroepen: mannen, vrouwen 

en een gecombineerde groep. Een significante associatie tussen cam-morfologie bij 

aanvang en het hebben van heuppijn bij de 5 jaars follow-up werd gevonden in de 

mannengroep [aOR: 1.77 (CI: 1.01-3.09)], terwijl er geen dergelijke associatie werd 

waargenomen op andere tijdstippen of in de andere subgroepen. Opmerkelijk was 

dat alle aOR’s in de mannengroep consequent boven de 1 lagen, terwijl deze in de 

vrouwengroep rond de 1 schommelden gedurende de 10-jarige periode. Onze bev-

indingen suggereren dat geslacht mogelijk een rol speelt in de relatie tussen cam-

morfologie en heuppijn.

In hoofdstuk 6 identificeerden we vier verschillende morfologische subtypes van 

cam-morfologie op de AP rontgenfoto’s met behulp van statistical shape modeling. 

Alleen bepaalde subtypes, zoals een afgeplatte kop-hals overgang of een pistool-

greepvormige prominentie (alleen bij mannen), bleken risicofactoren te zijn voor de 

ontwikkeling van radiologische heupartrose bij de 10-jarige follow-up. Dit geeft aan 

dat niet alle cam-gerelateerde vormvariaties zoals gedefinieerd door de alfahoek 

relevant zijn voor de ontwikkeling van artrose, wat suggereert dat verder gekeken 

moet worden dan de alfahoek als enige maat voor cam-morfologie.

Gezien de onnauwkeurigheid van de alfahoek bij het definiëren van cam-morfologie, 

onderzochten we of de triangular index ratio als een alternatieve methode zou kun-

nen dienen. In hoofdstuk 7 onderzochten we de associatie tussen cam-morfologie, 

gedefinieerd door een triangular index ratio van ≥1.05, en de ontwikkeling van radi-

ologische heupartrose bij de 10-jarige follow-up in het CHECK-cohort. Tegelijkertijd 

vergeleken we de voorspellende prestaties voor radiologische heupartrose van beide 

methoden door het berekenen van de sensitiviteit, specificiteit, positief voorspellen-

de waarde (PPV) en negatief voorspellende waarde (NPV). Met een aOR van 2.48 (95% 
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CI 1.38-4.46), een hogere PPV (70.6% vs. 62.3%) en een lagere sensitiviteit (7.8% vs. 

12.3%), denken we dat de triangular index ratio een nauwkeurigere definitie biedt 

van de aanwezigheid van cam-morfologie, terwijl de alfahoek ervoor kan zorgen dat 

meer gevallen worden gedefinieerd.

Tot slot worden in hoofdstuk 8 de belangrijkste bevindingen, interpretaties, klinische 

implicaties, sterke punten en beperkingen van dit proefschrift in het algemeen be-

sproken.



174

Chapter 9  |  Summary

总结总结

髋关节凸轮形态（cam morphology）是指股骨头颈连接处因发育或形态异常导致的骨性

隆起（缺乏正常的凹度），是髋骨关节炎的重要危险因素之一。由于目前缺乏针对骨关节

炎的根治性治疗手段，深入了解凸轮形态在髋骨关节炎发生与发展中的作用显得尤为重

要。本论文分为四个部分。第一部分介绍了整篇论文中使用的影像学测量方法；第二部分

研究了基线凸轮形态与放射学髋骨关节炎发展之间的关联；第三部分探讨了凸轮形态与髋

关节疼痛的关系；第四部分进一步分析了基于alpha角的凸轮形态亚型，并探索三角指数

比（triangular index ratio）作为替代定义指标的可能性。

在第二章中，我们提出了基于骨盆X光片的自动测量方法，用于定义凸轮形态，并对其

与传统手动测量的可靠性和一致性进行了评估。结果表明，无论是alpha角还是三角指数

比，自动测量在临床背景下均表现出良好的有效性。自动测量与手动测量的组内相关系

数（ICC）表明两者一致性较高，其中alpha角的ICC为 0.46，三角指数比的ICC为 0.78。

尽管许多研究已经探讨了凸轮形态与髋骨关节炎发展之间的关联，但既往研究中关联强度

的差异较大。在第三章中，我们认为随访时间可能是导致这种差异的原因之一。因此，

在CHECK队列中，我们通过10年多次随访探索了两者之间的关联。结果显示，在所有随

访时间点，凸轮形态始终与放射学髋骨关节炎的发展相关，矫正后的比值比（adjusted 

odds ratio）介于 2.7（95%CI 1.8–4.1）至 2.9（95%CI 2.0–4.4）。

凸轮形态和髋骨关节炎定义的不一致以及研究人群人口特征的多样性可能是既往研究结果

差异显著的原因之一。为了解决这一问题，第四章利用World COACH Consortium数据

库，该数据库整合了来自全球九个独立队列的研究数据。在本研究中，alpha角的测量实

现了重新定义和标准化，凸轮形态的定义也达到了统一。为了提高分析精度，我们整合了

多种关节炎评分系统，将放射学髋骨关节炎的状态分为健康、疑似和明确三类，而非以往

的二元分类（有或无）。所有基线时疑似病例的髋关节均被排除在分析之外。结果显示，

凸轮形态与放射学髋骨关节炎的发展存在显著关联，矫正比值比为1.87（95%CI 1.36–

2.59）。尽管这一关联强度弱于既往研究，但普适性更强。

第五章探讨了凸轮形态与髋关节疼痛之间的关联，分析CHECK队列中10年随访数据。根

据受试者性别，将髋关节分为男性组、女性组和性别混合组。结果显示，仅在第五年随访

中，男性组存在显著关联[矫正比值比为1.77（95%CI 1.01–3.09），其他时间点及女性

组和混合组中均未观察到类似结果。值得注意的是，男性组的矫正比值比始终高于1，而

女性组则在10年间波动于1左右。这提示生物学性别可能在凸轮形态引发髋关节疼痛中起

一定作用。

在第六章中，我们利用统计形状建模（statistical shape modeling）对凸轮形态进行了更

精细的分类，明确了其四种不同亚型。研究发现，只有部分亚型（如扁平的头颈连接处
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或“手枪柄状”突起，仅见于男性）与髋骨关节炎的发展显著相关。这表明，并非所有由

alpha角定义的凸轮形状都与髋骨关节炎的发展相关。

鉴于alpha角在定义凸轮形态时存在一定局限性，我们在第七章中探索了三角指数比作为

替代方法的可行性。通过分析CHECK队列数据，研究三角指数比大于1.05所定义的凸轮

形态与10年随访期间放射学髋骨关节炎发展的关联，并比较其alpha角在预测髋骨关节

炎时的表现。结果显示，三角指数比定义的凸轮形态在矫正比值比上表现出较高的关联

性（2.48，95%CI 1.38–4.46），并在阳性预测值（PPV）上优于alpha角（70.6% vs. 

62.3%），但敏感度稍低（7.8% vs. 12.3%）。因此，我们认为三角指数比更适合用于准

确定义凸轮形态，而alpha角则更适用于大规模筛查。

最后，第八章对本论文集的主要发现进行了全面总结，并讨论了研究结果的解释、临床意

义、优势与局限性。
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