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Aims : To apply cutting edge geometry processing 
techniques and statistical shape modelling to perform 
a quali-tative and quantitive evaluation of femoral 
deformity in developmental hip dysplasia and to 
describe its relation to the amount of acetabular 
coverage in full 3D.
An observational case-control study consisting of 40 
right dysplastic cases compared to 43 normal hips, 
was designed. All subjects were Asian females with 
an average age of 53.9 years. The right femurs were 
scanned using computed tomography, followed by 3D 
reconstruction for statistical shape modelling. Inter-
shape correspondences of the femoral shape were 
used to portray changes in femoral morphology to the 
amount of acetabular coverage. Partial least-squares 
regression was applied to establish a direct connection 
between acetabular coverage and the geometry of the 
femoral shape.
Acetabular coverage accounted for 7.1% of variation 
in the overal femur shape (p<0.05). Significant changes 
in femoral morphology (p<0.05) were observed with 
decreasing acetabular coverage. The regression model 
demonstrated progressive shortening of the femur 
neck, as well as increasing flattening of the femur 
head. Further, analysis of curvature and normal 
displacement demonstrated significant (p<0.05) flat-
tening of the femur head especially in the area of 
the head-neck junction with increasing severity of 
acetabular dysplasia.
Anatomic abnormalities inherent to the dysplastic 
hip are limited to the very proximal part of the 
femur and significantly increase when the acetabular 
coverage decreases. Flattening of the femur head is 

most pronounced at the peripheral part of the head, 
in specific the femoral head-neck region.

Keywords : Hip ; developmental dysplasia ; osteo-
arthritis ; morphology.

INTRODUCTION 

  Dysplasia of the hip is the most common 
cause for secondary osteoarthritis (OA), with the 
highest incidence in Asian populations making up 
to 88% of all OA cases in this area of the world 
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(20). Periacetabular osteotomy is the preferred non-
prosthetic treatment after skeletal maturity and aims 
to restore normal coverage of the femur head. Such 
treatment, however, implies a well developed and 
spherical femur head . Several authors have observed 
substantial shape abnormalities of the femoral head 
with decreasing degrees of acetabular coverage 
and have warned for suboptimal joint articulation 
and secondary impingement compromising long-
term outcome of periacetabular osteotomy for 
the treatment of developmental dysplasia of the 
hip (DDH) (10,25). In the alternative case where 
joint replacement is considered, the procedure is 
technically challenging. Furthermore, results ob-
tained from conventional femoral stem designs have 
been reported inferior with an increased incidence 
of loosening and dislocation in the long term (6,12). 
  Various methods have been proposed to quantify 
and measure the complex femoral morphology 
in DDH (4,19). Such tools are critical for clinical 
decision making and surgical planning. These 
reports are usually either qualitative or based on 
a limited number of simple measurements such as 
distances, distance ratios, angles, and other geo- 
metric approximations. With recent advances 
in computer graphics and vision, data-driven 
techniques allow us to explore a more grounded 
description of geometric shapes using large samples 
of input data (11). With statistical shape models 
(SSM), it is possible to accurately describe the 
anatomy and its variation for any population using 
conventional multivariate statistics from sets of 
homologous dense landmarks captured by complete 
geometric shapes of the subject. Unlike existing 
approaches, these techniques provide accurate 
parameterizations of an individual’s morphology 
and a consistent way of describing the anatomical 
distribution of an entire population. Moreover, 
these models are useful in improving the diagnosis, 
classification and treatment of specific medical 
conditions. 
  To date, the number of studies (15,22) on femoral 
morphology in DDH is limited. Furthermore, the 
relation between acetabular coverage and the degree 
of femoral dysplasia has not yet been studied with 
respect to the full 3D complexity of femoral anatomy. 
The aim of the present study is therefore to apply 

cutting edge geometry processing techniques and 
statistical shape modelling to perform a qualitative 
and quantitive evaluation of shape abnormalities of 
the femur in DDH and describe its relation to the 
amount of acetabular coverage in full 3D. It was 
hypothesized, in line with the observed differences 
reported in the current literature, that there would 
be significant differences in the morphology of the 
femur between the dysplastic cases compared to the 
controls. 

MATERIAL AND METHODS

  The study was designed as an observational 
case-control study with a combined total of 83 
Asian female subjects. All subjects were recruited 
at Osaka University Hospital and Tosei General 
Hospital in Japan during a two year period from 
the 1st of January 2012 till 31st of August 2013. The 
study was approved and performed according to the 
local ethical review board regulations. 
  For the dysplastic group, 40 cases of right-sided 
DDH were included in the study (average age 55.2 
years; range 25-79 years). Diagnosis was based on 
a clinical and radiographical presentation of DDH. 
CT scans of the right hip and femur were obtained 
in the process of preoperative evaluation. None of 
these patients had a preceding osteotomy or hip 
arthroscopy for treatment or correction of their hip 
disease. For the control group, 43 unmatched right 
femurs were included with a normal anatomy of the 
proximal femur (average age 52.6 years; range 19-
82 years). Controls were retrospectively recruited 
from an imaging database of angio-CT images, 
all obtained for investigation of non-orthopaedic 
conditions. The exclusion criteria for the control 
group were: (1) radiographical evidence of hip 
abnormalities, (2) clinical history of hip pain or (3) 
previous hip surgery. 
  All patients were scanned on a multidetector CT 
(Aquilion PRIME, Toshiba Medical Systems Corp., 
Tochigi, Japan). Slice thickness was 1 mm. The 
CT images were loaded in a 3D image processing 
software system (Mimics® 14.12, Materialise, 
Haasrode, Belgium) to create smooth 3D surface 
models of the right femur bones. 
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  Dense anatomical point correspondences were 
obtained using a state-of-the-art non-rigid registra-
tion algorithm of Li et al. (17) where an isotropic 
template mesh (21096 vertices) of a femur is 
automatically aligned to any given sample scan 
(5). Once we have aligned the intial 3D mesh with 
every sample, we calculate the average femur shape 
and re-compute the correspondences between the 
average shape and the input scans. The non-rigid 
alignment approach is based on an iterative closest 
point algorithm, that iterates between finding the 
closest points and optimizing for a deformation 
that maximizes local rigidity and smoothness. 
The optimization is formulated as an energy mini- 
mization where rigidity and smoothness are 

achieved by enforcing affine transformations of a 
vertex to be as close as possible to a rigid motion 
and neighbouring vertices to be similar. The non-
linear optimization also uses a point-to-plane fitting 
term to promote correspondence optimization 
during the deformation. To effectively avoid local 
minima, the algorithm starts with a high-stiffness 
parameter for the rigidity constraint and relaxes the 
local rigidity parameter whenever convergence is 
detected. We use the same optimization parameters 
as described in the work of Li et al. (17), and 
perform 250 iterations for each CT scan. The 
algorithm requires no manual input and establishes 
dense correspondences between all input scans 
robustly by smoothly warping the template model 
to arbitrary CT scans while avoiding unnatural 
distortions (deviations from local rigidity) during 
the fitting procedure (Fig. 1).
  Following robust least squares rigid alignment 
(Procrustes transformation) of these homologous 
series of dense landmarks, the variance of morpho-
logical differences within the femur was established 
by means of principal component analysis (PCA). 
It is important to note that the current sampling 
set contains femur models characterised by local 
dysmorphologies (e.g. a pronounced trochlear 
bump), which can lead to alignment errors. These 
abnormalities are typically spatially localized and 
do not extend over the whole region of interest. To 
account for general disturbance during alignment 
of the data sets by these local abnormalities, – the 
so-called Pinocchio-effect – iterative exclusion 
of outliers with a threshold value of 0.05 was 
performed to obtain a robust alignment prior to the 
PCA computation (8). 
  In all cases radiological measurements were 
automated following the anatomical registration 
procedures, using custom-written software applica-
tion in Matlab (MathWorks, Natick, Massachusetts). 
As such any observer related variation in landmarking 
could be excluded. The following parameters were 
measured: caput-collum-diaphyseal (CCD) angle 
(27), femoral anteversion (23), femoral offset (6), 
lateral center edge (CE) angle of Wiberg (29) and 
the head sphericity index (25). An overview of the 
applied definitions of these parameters is provided 
in table 1. Acetabular coverage was expressed by 

Fig. 1. — Illustration of the registration process of the surface 
meshes: Each row represents a different femur example. 
The target scan is the mesh created from the original 3D 
reconstructed femoral bone. First an initial alignment of the 
template isotropic mesh is performed with a preliminary rigid 
registration algorithm (1st column). Second, elastic registration 
is applied to transform an  isotropic template mesh  of 21096 
vertices to closely match the target scan (2nd column). The final 
result in column 3 shows the overlay of the registered mesh 
onto the original target scan of the femur bone (column 4). 
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sets were statistically determined by means of the 
student’s t-test at an alpha level for significance of 
0.05.
  To describe shape variations within the study 
population, principal component analysis (PCA) 
is applied on the corresponding vertices of the 40 
DDH and 43 control surface meshes (28). PCA 
consists of computing the statistically independent 
eigenvectors and eigenvalues of the data set. The 
eigenvectors (principal components) show global 
shape variations, called ‘modes of variation’ in 
a SSM. The associated eigenvalues indicate the 
amount of shape variance explained by that specific 
mode of shape variation. The eigenvectors are 
ordered according to their explained variance; 
eigenvectors with highest variance are placed first 
and those with low variance are placed last. 
  To evaluate how well the model describes the 
overall populations a complete “leave one out” 
assessment was performed. To do so, a SSM was 
constructed, iteratively leaving one selected test 
bone out. Subsequently, the SSM was fitted to the 
excluded bone and the goodness of fit of the SSM 
to describe a bone not included in the SSM was 
evaluated. As error measure the RMS distance 
was computed between the fitted sample and the 
corresponding vertices of the excluded bone. This 
procedure was repeated for all bones in the DDH 

means of the lateral center edge angle using the 
transparent 3-dimensional pelvis model. (Fig. 2)
To investigate the differences in femoral bone 
geometry between the DDH and control femurs 
the mean shape of both femur sets was calculated 
and compared following rigid alignment of the two 
mean shapes. Point-wise surface variation between 
the average DDH and control model was expressed 
by visualizing the magnitude and direction of 
vectors between the corresponding surface vertices. 
Differences between the two correspondent data 

Fig. 2. — Acetabular coverage was evaluated by means of 
the lateral center edge angle measured on the transparent 
3-dimensional pelvis model

Parameter Definition Author Normal Value
CCD angle Angle formed by the axis of the femoral neck and the proximal femoral 

diaphyseal axis
Tönnis and 
Heinecke 
(1999)27 

More than 125°; 
less than 135°

Femoral 
anteversion

Angle between the axis through the femoral neck with reference to the 
tangent to the posterior border of the femoral condyles

Rippstein 
(1955)23 

Relative retrover-
sion <15° Absolute 
retroversion <0°

Femoral offset Length corrected distance from the center of rotation of the femoral head 
to a line bisecting the long axis of the femur

Charnley 
(1973)6 

2.5-5.5 cm

Lateral center 
edge angle

Angle formed by a line parallel to the longitudinal pelvic axis and by the 
line connecting the center of the femoral head with the lateral edge of the 
acetabulum

Wiberg 
(1939)29 

More than 25°; less 
than 40°

Head Sphericity 
Index

Ratio of the length of the semi-minor axis and the length of the semi-ma-
jor axis of the ellipsoid fitted to the surface of the femur head. The closer 
this index is to 1, the more the femur head resembles a sphere.

Step-
pacher et al. 
(2008)25

Larger than 0.9

Table 1. — Imaging parameters used to describe variation in hip joint morphology among subjects.
CCD angle: caput-collum-diaphyseal angle.
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0.05. The effect-size or strength of the relationship 
between the lateral CE angle was reported as the 
variance in the training set explained by the PLSR 
model (2). Statistical significance of the effect-size 
is tested under permutation (1,000 permutations) for 
multivariate regressions (2). In essence, the overall 
effect size is the amount of femural variation coded 
in all quasi-landmarks that is explained by the 
lateral CE angle.

group and the control group. The RMS errors for 
all femur models are an indication of the quality of 
the SSM. 
  Femoral coverage by the acetabulum was 
quantified by means of the corresponding CE angles. 
A regression model was then developed linking CE 
angles to the shape modes of all the femurs (43 
controls and 40 DDH cases) in the training set of the 
model. Considering the large number of available 
predictors, partial least squares regression (PLS 
regression) was chosen as the preferred methodo- 
logy over the well known regular multiple regression 
technique. Subsequently, the linear relationship 
between acetabular coverage and the amount of 
femoral head deformity was established. Sphericity 
and overall shape of the proximal femur were 
qualitatively and quantitatively evaluated in relation 
to the average control femur. Furthermore, local 
shape curvatures were computed and tested for 
significance in change in relation to the CE angle 
and displayed. The signed mean curvature in each 
anatomical point-correspondence was used where a 
negative and positive sign indicate a concave and 
convex local shape, respectively. A curvature of 
zero indicates a locally flat shape. Positive (H1+) 
and negative (H1-) one-sided tests and two-sided 
tests (H2) are performed using 10,000 permutations 
following the framework described by Claes P et al. 
(7). The level of significance was set at a p-value of 

Fig. 3. — Point-wise differences (mm) in average femur surface 
geometry between the control and the DDH group projected 
on the surface geometry of the dysplastic normal femur.  The 
morphological diffences are mainly limited to the femoral neck 
and  head.

Fig. 4. — A. Shape changes of the femoral head with increasing 
acetabular coverage (CE). Colours indicate the pointwise 
distance to the average control. The first row shows the front 
view; the second row the back view. Surface curvature changes 
with increasing CE is presented in the third (front view) and 
fourth (back view). Red or blue colours indicate respectively 
a convex or a concave area. Pointwise ratios (D) between 
the surface curvatures at CE=40 and those at CE=0, and the 
results of the permutation tests for negative (H1-) and positive 
(H1+) one-sided tests, and for two-sided test (H2) are presented 
in the last two rows.  For the curvature ratios, a red or blue 
area indicates respectively a region of increased or decreased 
convexity. For the permutation tests, yellow indicates a 
significant result. A yellow region in the H1- plot indicates an 
area of significant decreased convexity. A yellow region in the 
H1+ plot indicates an area of significant increased convexity.
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the femur head and neck compared to the average 
control femur. Further, the average DDH femur 
showed loss of sphericity in addition to an increased 
valgus. Interestingly, all of these differences were 
exclusively present in the proximal part of the femur, 
commencing only at the level of the femur neck. An 
overview of demographic and radiographic findings 
and their distribution in the respective population is 
provided in table 2. Point-wise surface differences 
between the average DDH and control model are 
demonstrated by a colour plot on the surface model 
of the average control in figure 3. 
  Qualitative evaluation of the PLSR model 
demonstrated that acetabular coverage accounted 
for 7.1% of variation in the overal femur shape (p 
< 0.05). Macroscopic analysis of shape evolution 
within the PLSR model with decreasing acetabular 
coverage of the femur head demonstrated pro-
gressive shortening of the femur neck, as well as 
increasing flattening of the femur head. A detailed 
overview of the PLSR model is provided in figure 4. 
Analysis of curvature and normal displacement 
demonstrated significant (p<0.05) flattening of the 
femur head in the area of the head-neck junction. 
Only scattered changes in curvature were observed 
in the central part of the femur head.
  A detailed analysis of changes in anatomical 
features within the PLSR model demonstrated 
a non-linear increase in CCD angle and femoral 
anteversion in dysplastic hips compared to controls. 
The femoral offset and head sphericity, on the other 

RESULTS

  The quality evaluation of the SSM, using all 
principal components, showed an average root mean 
square (RMS) error of 0.87 mm (SD +/- 15 mm) for 
the control group and 0.74 mm for the DDH femurs 
(SD +/- 0.18 mm). The average DDH femur was 
significantly smaller and anteverted at the level of 

Fig. 5. — A: Relation between acetabular coverage and femoral 
head sphericity as predicted by the regression model (line plot) 
and as observed in the training set (scatter plot). B: Relation 
between acetabular coverage and femoral head offset. C: 
Relation between acetabular coverage and femoral anteversion. 
D: Relation between acetabular coverage and  the femoral CCD 
angle.

DDH
(N=40)

Controls
(N=43) p Value

Age (years) 55.2 (SD 15.6) 52.6 (SD 14.5) 0.431

Gender (% female) 100 100 1.000

Origin (% Asia) 100 100 1.000

Femur length (cm) 38.3 (SD 1.8) 40.6 (SD 2.4) <0.001
Lateral center-edge angle (de-
grees) 15.6 (SD 6.6) 34.4 (SD 5.8) <0.001

Femoral anteversion (degrees) 21.0 (SD 9.9) 14.2 (SD 9.3) 0.002
Caput-collum diaphyseal angle 
(degrees) 134.7 (SD 5.2) 132.1 (SD 5.0) 0.021

Femoral offset (cm) 2.8 (SD 0.4) 3.2 (SD 0.4) <0.001

Femoral head sphericity 0.89 (SD 0.04) 0.94 (SD 0.03) <0.001

Table 2: Comparison of demographic and radiographic data of the dysplasia ( DDH ) group  and the control group.
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reports are based on conventional radiography, 
and only a few have used 2D reconstructions of 
volumetric imaging. Nevertheless, there have 
been a few detailed scientific studies that have 
evaluated the deformity of the femur taking into 
account its entire morphology (22,24). Noble and 
colleagues used 3D, surface-splined models to 
analyze femoral deformity between DDH versus 
controls. In contrast to Robertson and the present 
study, they found significant differences in shaft 
morphology between the two groups. However, 
this finding could be explained by the lack of dense 
anatomical correspondence between their models to 
drive a robust alignment procedure before the actual 
anatomical analysis was performed. Technical 
reports have undeniably demonstrated that important 
interpretation errors can occur for incomplete and 
inaccurate measurements, particularly for regional 
abnormalities (8,9). 
  An additional advantage of the applied tech-
niques in the present study is that it enables a 
quantified measurement of the severity of the 
disease by analyzing the magnitude of geometric 
features. Particularly interesting for clinical studies 
is the evolution in sphericity of the femur head as 
described by our curvature analysis. The occurrence 
of labrum lesions is well known in the literature. 
Some attribute this to mechanical overloading, 
others to instability of the joint. In the present study 
it appeared that curvature did not significantly 
change in the central part of the femur head – i.e. 
the part most in contact with the acetabulum – as 
compared the peripheral border. This results in a 
third mechanism for labrum damage: mechanical 
impingement by a aspherical femoral head neck 
junction. Therefore, even a dysplastic hip has 
the potential to develop symptoms similar to 
femoroacetabular impingement. In addition, this 
finding underlines the increasing risk for secondary 
impingement following osteotomy in the severe 
dysplastic hip. Furthermore, this asphericity might 
contribute to dynamic hip instability and labrum 
damage as previously suggested by Akiyama et 
al. (1) and Maeyama et al. (18). Clearly, further 
explorations in this direction are necessary to 
address these findings.

hand, were found to be non-linearly decreased in 
dysplastic hips (figure 5).

DISCUSSION

  Femoral deformities associated with acetabular 
dysplasia have been well documented in the literature 
(26). The most common deformations include 
femoral anteversion, an aspheric femoral head, and 
reduced femoral head-neck offset. Our findings are in 
line with these reports. Nevertheless, there has been 
limited comprehensive information regarding these 
deformations relative to the general morphology of 
the femur as to the severity of the disease. In the 
present study we were able to demonstrate that the 
deformations are almost exclusively present in the 
femur head neck region and correlate importantly 
with the amount of coverage as quantified by the CE 
angle. Further, it appears that sphericity is largely 
comprimised for CE angles from 20 degrees on. For 
these cases, joint congruency might be insufficient 
to provide good long term perspectives with peri-
acetabular osteotomy . 
  The finding of normal contours of the femur 
shaft in the present study is not entirely surprising 
but further verified. Back in 1996, Robertson and 
colleagues (24) developed a quantitative 3 dimen- 
sional model of deformations of the femur in 
developmental dysplasia of the hip. In this 
particular work, a SSM “avant la lettre”, they 
found no statistical correlation between the femur 
shaft morphology and the severity of the disease. 
Hence, it appears at first sight that conventional 
prosthetic designs might suffice for these patients. 
Clearly this is not in line with the available reports 
on the technical difficulties encountered in this 
patient group, as well as the notable higher rate of 
cortical fractures reported in THA for patients with 
dysplastic hips (14). However, this can be partially 
explained, by the tendency of dysplasia patients to 
be smaller in stature and quite typically of female 
gender (3), a finding that was further confirmed in the 
present study. Therefore, sizing using conventional 
products might be problematic and partially explain 
the encountered fracture risks. 
  Many previous studies have attempted to describe 
femoral morphology in DDH. The majority of these 
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  Although the present study shows an important 
correlation between the deformity of the femur 
head and the amount of acetabular coverage 
as expressed by the CE angle, such correlation 
nearly describes the co-occurrence of anatomical 
features but fails to draw any conclusions related 
to causality: does femoral deformity depend on the 
amount of acetabular coverage or vice versa. Most 
likely, there is a mutually dependent relationship 
in the development of a congruent hip (16). The 
morphological development of the femur head 
and the acetabulum depends on the interaction of 
the two structures and any abnormality in one will 
affect the development of the other (13).
  A second limitation of the present analysis in-
volves the selected study population. Because DDH 
is relatively uncommon in the American and 
European population as compared to the Asian 
population, we have focussed on a female Asian 
study population. However, it is well know that shape 
of the human femur greatly varies with gender, age, 
stature and ethnic background of each individual. The 
results might therefore not directly be generalized 
to all patients with hip dysplasia (21). Nevertheless 
we expected that the general principles as described 
in the present work will largely apply to European 
and American patients as well. Obviously such 
assumptions need further investigation in the future. 
  To conclude, the present study demonstrates that 
the anatomic abnormalities inherent to the dysplastic 
hip are limited to the very proximal part of the 
femur and significantly increase with decreasing 
acetabular coverage, notable decreasing offset, 
increasing anteversion, valgus and flattening of the 
femur head. Further it appears that flattening of the 
femur head is most pronounced at the peripheral 
part of the head, in specific the femoral head-neck 
region. 
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