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Abstract
BACKGROUND 
The sphericity of the femoral head is a metric used to evaluate hip pathologies 
and is associated with the development of osteoarthritis and femoral-acetabular 
impingement.

AIM 
To analyze the three-dimensional asphericity of the femoral head of asymptomatic 
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pediatric hips. We hypothesized that femoral head asphericity will vary significantly between male and female 
pediatric hips and increase with age in both sexes.

METHODS 
Computed tomography scans were obtained on 158 children and adolescents from a single institution in the United 
States (8-18 years; 50% male) without hip pain. Proximal femoral measurements including the femoral head 
diameter, femoral head volume, residual volume, asphericity index, and local diameter difference were used to 
evaluate femoral head sphericity.

RESULTS 
In both sexes, the residual volume increased by age (P < 0.05). Despite significantly smaller femoral head size in 
older ages (> 13 years) in females, there were no sex-differences in residual volume and aspherity index. There 
were no age-related changes in mean diameter difference in both sexes (P = 0.07) with no significant sex-differences 
across different age groups (P = 0.06). In contrast, there were significant increases in local aspherity (maximum 
diameter difference) across whole surface of the femoral head and all quadrants except the inferior regions in males 
(P = 0.03). There were no sex-differences in maximum diameter difference at any regions and age group (P > 0.05). 
Increased alpha angle was only correlated to increased mean diameter difference across overall surface of the 
femoral head (P = 0.024).

CONCLUSION 
There is a substantial localized asphericity in asymptomatic hips which increases with age in. While 2D measured 
alpha angle can capture overall asphericity of the femoral head, it may not be sensitive enough to represent 
regional asphericity patterns.

Key Words: Hip; Femoral head; Sphericity; Skeletal growth; Sex differences

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Femoral head asphericity changes with age demonstrated by significant femoral head asphericity in asymptomatic 
hips via increased residual volume with age for both sexes. However, no significant overall asphericity differences existed 
between males and females. While the overall femoral head asphericity was small, there were substantial local divergencies 
from perfect sphericity in both males and females, with maximum diameter difference correlating with age overall and 
across all quadrants except for inferior quadrants in males.

Citation: Hassan MM, Feroe AG, Douglass BW, Jimenez AE, Kuhns B, Mitchell CF, Parisien RL, Maranho DA, Novais EN, Kim YJ, 
Kiapour AM. Three-dimensional analysis of age and sex differences in femoral head asphericity in asymptomatic hips in the United 
States. World J Orthop 2024; 15(8): 754-763
URL: https://www.wjgnet.com/2218-5836/full/v15/i8/754.htm
DOI: https://dx.doi.org/10.5312/wjo.v15.i8.754

INTRODUCTION
Femoral head sphericity is a common metric used to evaluate the severity of various hip pathologies, including 
symptomatic femoroacetabular impingement (FAI) and Legg-Calve-Perthes disease[1,2]. Asphericity of the femoral head 
has been associated with the development of early osteoarthritis (OA) and cam-type FAI, particularly when the deformity 
involves the frontal plane[1]. A spherical femoral head articulates smoothly within the spherical acetabulum. In contrast, 
an aspherical contour of the femoral head-neck junction leads to decreased head-neck offset and the risk of contacting the 
acetabular rim during terminal range of motion[1-3]. When observed radiographically, this morphologic feature has been 
termed a “pistol grip” deformity[4]. While its exact etiology has yet to be elucidated, means of assessing FAI still heavily 
rely on examining the sphericity of the femoral head.

The alpha angle of the femoral head, which acts as a proxy for sphericity[5-8], has similarly been associated with the 
development of OA, especially in cases of cam-type FAI[9-11]. The alpha angle’s utility and consistency, however, is 
influenced by radiographic view and femoral rotation at time of image acquisition[7,12-15], Furthermore, the repeat-
ability between viewers remains controversial[16-19], and solely radiographic imaging limits the ability to consider local 
differences in three dimensional (3D) femoral head morphology[5,8,13,20-22]. To address these limitations, many other 
studies have attempted to create a new means of evaluating femoral head sphericity using both two and three 
dimensional imaging techniques[6,21-24]. Despite these limitations, the alpha angle remains as the dominant proxy for 
evaluating femoral head asphericity.

https://www.wjgnet.com/2218-5836/full/v15/i8/754.htm
https://dx.doi.org/10.5312/wjo.v15.i8.754
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The three-dimensional variability of femoral head sphericity, particularly as it relates to patient age and sex, has not 
been formally evaluated in an asymptomatic population. A recent study using computed tomography (CT) scans on 
asymptomatic adolescent patients found alpha angles to be higher in asymptomatic adolescent males, particularly in the 
anterior, anterosuperior, and superior planes, and overall increased with age[25]. Given the relevance of abnormal 
femoral head morphology to clinical hip pathology, a method to comprehensively evaluate femoral head sphericity, in 
addition to alpha angles in a healthy population, may provide insight into normal vs abnormal hip morphology. The 
purpose of this study was to investigate the asphericity of the femoral head during skeletal growth and maturation in 
children and adolescents with asymptotic hips using 3D image analysis and to propose a new 3D metric for asphericity 
analysis termed the asphericity index. We hypothesized that femoral head asphericity will change with age with different 
trends in males compared to age matched females. We also hypothesized that alpha angle correlates with quantified 
measures of femoral head asphericity with higher alpha angles correlating to increased 3D asphericity.

MATERIALS AND METHODS
Study design and imaging
Following our institutional review board’s approval, we searched our institutional database for patients from a single 
institution in the United States who underwent pelvic CT scans for evaluation of suspected appendicitis from 2008 to 2010 
who were 8 to 18 years old. Patients were scanned from the third lumbar to the level of the proximal femur at 120 
kilovolts (peak) and 50 to 180 mA based on weight and girth. Patients were positioned supine with the pelvis in a neutral 
position with their hips extended. The CT was acquired helically with a collimation of 0.625 mm or 1.25 mm. Exclusion 
criteria included patients with a known history of hip pain, injury or disease; the presence of a neuromuscular, develop-
mental, or genetic condition; and low-quality images which would obstruct segmentation.

Study population
Using a previously reported patient cohort[3,25] that was extracted from our institution’s database, a total of 176 patients 
were included for initial review. Seventeen patients were excluded, one for a history of hip pain, eight for unsuitable CT 
images and another eight were excluded due to associated comorbidities (six with genetic/neurologic diseases, one with 
osteochondromatosis, and one with craniosynostosis). The remaining 158 patients were randomly selected to have five 
males and five females in each age from 8 to 18 years. Each patient’s left or right hip was selected using a random number 
generator. Some patients included in this study were subjects of previous studies evaluating the development of capital 
femoral epiphysis morphology and femoral head-neck offset in children and adolescents[3,25].

Hip morphology was assessed via measuring the acetabular index angle in the coronal plane, alpha angle[12], and 
epiphyseal tilt angle[26] from the oblique axial plane. These values were compared to normal references. All assessments 
were performed by an orthopedic surgeon (DAM) using Osirix Viewer (v8.5, Pixmeo SARL, Bernex, Switzerland).

3D morphological analysis of the femoral head
3D models of the femoral head were manually segmented from CT scans by an orthopedic surgeon (DAM) using a 
commercial image processing software (Mimics v19.0; Materialise, Belgium). The epiphysis was segmented as an 
independent body from the rest of the proximal femur, with the sclerotic line of the physeal scar being included in the 
epiphysis for patients with closed growth plates (Figure 1A). 3D models were constructed from each segmented mask 
then transferred to 3-matics software (v9.0; Materialise, Belgium) to align the 3D models to an anatomic coordinate 
system and to define the four anatomical quadrants on the femoral head, as described before (Figure 1B)[3]. The aligned 
3D models were then exported as point cloud. A custom code (Matlab, MathWorks, Natick, MA, United States) was used 
to find the center and radius of the best-fit sphere to the femoral head point cloud (Figure 1C). The Boolean subtraction 
between the femoral head and the best-fit sphere was used to identify regions of the femoral head which were outside the 
best-fit sphere (Figure 1D).

The following metrics were calculated to evaluate the extent of overall and local femoral head asphericity: (1) Residual 
volume (mm3): The volume of the leftover regions from the Boolean subtraction between the femoral head and best-fit 
sphere. The measurements were calculated across the whole femoral head and across each individual quadrant; (2) 
Asphericity index (ratio): Defined as the ratio between the residual volume and femoral head volume across the whole 
femoral head and across each quadrant. Higher ratios indicate more asphericity; and (3) Local diameter difference (mm): 
The local radius, calculated as the distance between each residual point on the surface of the femoral head and the center 
of the best-fit sphere, was then used to find the local differences in femoral head diameter compared to the best-fit sphere 
diameter. Higher differences in diameter (local femoral head radius × 2 - best-fit sphere diameter) indicated a higher 
degree of asphericity. All the segmentations, 3D modeling, and measurements were done blinded to age and sex on 
deidentified images.

Statistical analysis
The measures of femoral head size (volume and diameter), asphericity (residual volume, asphericity index and diameter 
difference) and alpha angle were defined as continuous dependent variables. The diameter difference was reported as 
maximum (largest difference in diameter between the edge of the perfect sphere and the largest protrusion of the femoral 
head away from the sphere’s edge) and mean (the average of the differences in diameter between the edges of the perfect 
sphere and the protrusions of the femoral head away from the sphere’s edge). Higher differences in diameter (local 
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Figure 1 Three-dimensional morphological analysis. A: Three-dimensional (3D) segmentation; B: 3D model reconstruction; C: Best-fit sphere; D: Boolean 
subtraction to fins residual regions.

femoral head radius × 2 - best-fit sphere diameter) indicated a higher degree of asphericity. Pearson correlation was used 
to investigate the effect changes in the dependent variable by age (continuous independent variable) for each sex. To 
further investigate the sex differences, the dependent variables were divided into 4 age groups for each sex (8-10, 11-13, 
14-16, and 17-18). Two-way analysis of variance (ANOVA) with age group and sex as independent variables were used to 
compare the femoral head size and asphericity between males and females at each age group (four pairwise 
comparisons). Holm-Sidak post hoc correction was used to adjust the P values to account for the potential increases in type 
1 errors due to multiple comparisons. Pearson correlation was also used to investigate the correlations between alpha 
angle and measures of overall femoral head asphericity (i.e., residual volume, asphericity index, mean overall diameter 
difference and maximum overall diameter difference). All analyses were completed using Prism (v9.0; GraphPad 
Software Inc).

RESULTS
The age-related changes in quantified anatomical features are presented in Table 1. Femoral head diameter and volume 
correlated with increasing age for both males and females (r > 0.2, P < 0.05; Table 1). Compared to females, males had 
significantly larger femoral head diameter at 14-16 years (45.2 ± 2.8 mm vs 41.9 ± 1.9 mm, P = 0.001) and at 17-18 years 
(46.4 ± 2.1 mm vs 39.7 ± 1.3 mm, P < 0.001) age groups (Figure 2A). Similarly, males had significantly larger femoral head 
volume at 14-16 year (25690 ± 4569 mm3 vs 19979 ± 3396 mm3, P < 0.001) and at 17-18 year (26503 ± 2794 mm3 vs 17521 ± 
1752 mm3, P < 0.001) age groups (Figure 2B). There were positive correlations between residual volume and age for both 
sexes (r > 0.3, P < 0.02; Table 1), with no significant sex differences in any age group (P > 0.1; Figure 2C). There were no 
significant correlations between asphericity index and age for either sex (r < 0.3, P > 0.05; Table 1). There were no sex 
differences in asphericity index at any age group (P > 0.1, Figure 2D).

With regards to maximum diameter difference, there were significant positive correlations with age across overall 
femoral head as well as anterosuperior and the posterosuperior quadrants in both sexes (r > 0.3, P < 0.03; Table 1). There 
were significant positive correlations between age and the maximum diameter difference across posteroinferior and 
anteroinferior quadrants (r > 0.5; P < 0.001; Table 1). There were no significant differences in maximum diameter 
difference between males and females across any regions at any age group (P > 0.05; Figure 3).

With regards to mean diameter difference, there were no significant correlations to age across any regions in males and 
females (P > 0.07; Table 1). There were no significant differences in mean diameter difference between males and females 
across any regions at any age group (P > 0.06; Figure 4). There were significant decreases in alpha angle by age in both 
sexes (r < -0.4; P < 0.01; Table 1). There were no significant correlations between alpha angle and overall measures of 
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Table 1 Pearson correlation coefficients between quantified features and age for males and females

Males Females

r 95%CI P value r 95%CI P value

FH diameter 0.79 0.67 to 0.88 < 0.001a -0.27 -0.5 to 0 0.047a

FH volume 0.80 0.68 to 0.88 < 0.001a 0.55 0.34 to 0.71 < 0.001a

Residual volume 0.32 0.06 to 0.54 0.016a 0.42 0.17 to 0.61 0.002a

Asphericity index 0.20 -0.01 to 0.49 0.16 0.24 0.4 to 0.75 0.058

Mean overall diameter difference -0.25 -0.48 to 0.02 0.067 0.15 -0.12 to 0.4 0.275

Mean anterosuperior diameter difference -0.14 -0.35 to -0.08 0.412 0.17 -0.1 to 0.42 0.211

Mean posterosuperior diameter difference 0.14 -0.13 to 0.39 0.294 0.25 -0.02 to 0.48 0.072

Mean posteroinferior diameter difference -0.10 -0.36 to 0.17 0.450 0.12 -0.15 to 0.37 0.378

Mean anteroinferior diameter difference -0.19 -0.42 to -0.03 0.231 0.03 -0.24 to 0.29 0.843

Max overall diameter difference 0.30 0.04 to 0.52 0.026a 0.59 0.38 to 0.74 < 0.001a

Max anterosuperior diameter difference 0.34 0.09 to 0.56 0.01a 0.58 0.37 to 0.74 < 0.001a

Max posterosuperior diameter difference 0.52 0.29 to 0.69 < 0.001a 0.64 0.45 to 0.77 < 0.001a

Max posteroinferior diameter difference 0.22 -0.05 to 0.45 0.116 0.55 0.33 to 0.71 < 0.001a

Max anteroinferior diameter difference -0.15 -0.4 to 0.13 0.292 0.32 0.06 to 0.54 0.016a

Alpha angle -0.48 -0.66 to -0.24 < 0.001a -0.43 -0.62 to -0.19 0.001a

aP < 0.05.
FH: Femoral head; CI: Confidence interval.

Figure 2 Sex differences in femoral head diameter, femoral head volume, residual volume and asphericity index. A: Femoral head diameter; B: 
Femoral head volume; C: Residual volume; D: Asphericity index. Data are presented as mean (95% confidence interval). aP < 0.001. FH: Femoral head.
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Figure 3 Sex differences in maximum diameter difference across the whole femoral head (overall) and across each quadrant. A: Whole 
femoral head (overall); B: Anterosuperior quadrant; C: Posterosuperior quadrant; D: Posteroinferior quadrant; E: Anteroinferior quadrant. Data are presented as mean 
(95% confidence interval).

Figure 4 Sex differences in mean diameter difference across the whole femoral head (overall) and across each quadrant. A: Whole femoral 
head (overall); B: Anterosuperior quadrant; C: Posterosuperior quadrant; D: Posteroinferior quadrant; E: Anteroinferior quadrant. Data are presented as mean (95% 
confidence interval).

femoral head asphericity except for mean diameter difference (r = 0.21, P = 0.024; Figure 5).

DISCUSSION
The most important finding of this study was that femoral head asphericity changes with age demonstrated by significant 
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Figure 5 Pearson correlations between alpha angle and residual volume, asphericity index, mean overall diameter difference, and 
maximum overall diameter difference. A: Pearson correlations between alpha angle and residual volume; B: Pearson correlations between alpha angle and 
asphericity index; C: Pearson correlations between alpha angle and mean overall diameter difference; D: Pearson correlations between alpha angle and maximum 
overall diameter difference.

femoral head asphericity in asymptomatic hips via increased residual volume with age for both sexes. However, no 
significant overall asphericity differences existed between males and females, and thus, the primary hypothesis of this 
study is partially supported. While the overall femoral head asphericity was small (e.g., average asphericity index of 
4.3%), there were substantial local divergencies from perfect sphericity in both males and females (up to a 9 mm 
difference in diameter), with maximum diameter difference correlating with age overall and across all quadrants except 
for inferior quadrants in males. The second hypothesis is partially supported by significant relationships between average 
overall measures of femoral head asphericity (maximum diameter difference) and alpha angle.

Previous studies have attempted to improve upon asphericity evaluation techniques in various hip pathologies. Okano 
et al[21] developed a roundness index to evaluate the sphericity of femoral heads in patients with developmental hip 
dysplasia (DDH). Steppacher et al[22] measured femoral head sphericity using multiple radial views obtained from 
magnetic resonance imaging arthrography in DDH patients. Sankar et al[24] compared differences in measured radii from 
elliptical and perfect spheres using anteroposterior and lateral radiographs in DDH patients. Audenaert et al[5] sought to 
improve alpha angle’s utility in determining sphericity in FAI patients utilizing CTs of randomized dry cadavers and 
found that AAs on 3D radial images and axial oblique radiographs were equivocal. While all these new methods of 
assessing sphericity showed utility within their specific study and disease state, alpha angle measured on Dunn view 
remains the predominant method of evaluating asphericity.

Only one other study to date has examined femoral head asphericity regionally in three-dimensions for asymptomatic 
hips. Harris et al[23] compared CT constructed 3D models of a cam-type FAI hip cohort to normal controls. Similar to our 
study, Harris’s models created a best fit sphere around the femoral head and then calculated the maximum deviations 
from the actual CT generated 3D model. Their results found the largest deviations in sphericity in the antero-lateral 
region of the femoral head for both cohorts, with significantly increased maximum deviations for the FAI hips in the 
antero-lateral, antero-medial, and postero-lateral regions, and increased mean deviations in the postero-lateral region. 
Their study, however, did not stratify by age or sex.

The present study represents the first to examine the asphericity of native hips with respect to age and sex. Femoral 
head diameter, volume, and residual volume overall increased with age with practically no differences between sexes. 
This would imply that asphericity increases similarly with age for both sexes. Asphericity index, however, did not change 
with age in males or females and without any sex differences at any age group. This would imply that pediatric male and 
female femoral heads grow similarly from an overall geometric perspective.

While there were no significant differences observed in overall asphericity of the femoral head between adolescent 
males and females, local morphological differences over time differed by sex. These morphological differences can have a 
huge impact on hip biomechanics. In female adolescent hips, local asphericity (maximum diameter difference) increased 
with age overall and across all quadrants. However, in males the changes were prominently in the superior aspect of the 
femoral head. The demonstrated age- and sex-based differences in femoral head asphericity may provide insight into 
epidemiological trends of various hip pathologies. Subsequent studies are necessary to determine the relationship 
between femoral head sphericity, femoral head-neck morphology, and the development and progression of hip 
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pathologies.
Alpha angle has been widely used to study the role of abnormalities of femoral head-neck morphology in the 

development of hip pathologies[2,3,27]. Such morphologies, including epiphyseal cupping and extension, are thought to 
be either pathologic or adaptive responses to increased mechanical stress at the femoral head-neck junction[2,3,28]. This 
clinical utility, however, does not necessary indicate that alpha angle is a valid measurement of asphericity. Our observed 
correlations between alpha angle and average asphericity (mean diameter difference) support the alpha angle as a global 
measure of femoral head asphericity. However, the lack of correlations between alpha angle and local measures of 
apshericity (maximum diameter difference) suggest limited ability of alpha angle to depict the local femoral head 
asphericity. The analysis of asphericity by Harris et al[13] found that alpha angles from eight of nine common 2D 
radiographic views strongly correlated with their 3D measurements of asphericity. Their alpha angle measurements did 
not, however, correlate with maximum deviations in any region, which they agreed meant that alpha angle may not be 
capable of determining the magnitude of aspherical deformities. Additionally, the present study found that alpha angle 
had an inverse relationship with age, which is contrary to previous literature findings suggesting that alpha angle has a 
positive relationship to age[29]. Given this discrepancy and the trend in the literature to revalidate or replace alpha angle, 
more sensitive methods of quantifying asphericity in the 2D plane are needed.

Our intention with developing the asphericity index was to create a clinically adoptable 3D evaluation of asphericity 
which, in conjunction with regional data, can determine specific regional asphericity magnitudes that can help guide 
surgical management. Our results, however, found that asphericity index does not increase with age despite the fact that 
diameter differences do. This discrepancy could be due to biomechanical and growth factors that lead to local asphericity 
in specific quadrants of the femoral head which may have counter active effects in a different region of the femoral head, 
thus keeping the asphericity index statistically the same over time. Overall asphericity may not change with age even 
though local quadrants have increases in deviation. In other words, these local deviations may not be significantly large 
enough to affect the overall asphericity of the femoral head. Regardless, asphericity index will need to be reevaluated and 
tested in future asphericity studies.

Limitations
Findings must be considered in the setting of limitations to the present study. First, our analysis of age was based on 
chronological age, which may not correspond to skeletal maturity. However, chronological age provided a more general-
izable measure than other methods commonly used to assess bone maturity. Second, we did not examine the relationship 
between femoral head sphericity and physical activity, despite the known relationship between athlete status and femoral 
head-neck morphology. We felt that this was beyond the scope of the present study, but it is an important question to 
guide subsequent work. Third, this is CT study and does not take into account the contour of the articular cartilage which 
may have resulted in different asphericity patterns. Another limitation of this study is the sample size of patients that was 
randomly selected with age range of 8-18 that was not controlled for even distribution of ages included. Additionally, 
specific movements and activities were not controlled for between patients. Finally, this is not a longitudinal study, and 
patients were not followed over time. Thus, future symptom presentation could not be determined. Overall, we believe 
this study contributes valuable quantitative data characterizing femoral head morphology in the skeletally maturing hip 
to inform further investigation of the role of femoral head asphericity in the natural history of hip pathologies.

CONCLUSION
Though often modelled as a perfect sphere, normal asymptotic hips contain some amounts of asphericity with significant 
age-related increased in regional asphericity in both males and females from the United States throughout different stages 
of skeletal maturity. These regional age-related changes could have significant influence on hip biomechanics and disease 
pathology. Despite the ability of alpha angle in capturing overall asphericity of the femoral head, it could not capture the 
regional deviations from perfect sphere. Subsequent longitudinal studies are necessary to determine the relationship 
between femoral head sphericity and the development and progression of hip disease.
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