
In this study, we used 3-dimensional analysis to compre-
hensively map the osseous morphology of the acetabu-
lum. Human cadaveric specimens were dissected to the 
joint capsule for computer navigation analysis. Data 
points outlining acetabular anatomy —determined using 
optical sensors—were translated into graphical environ-
ments. A clock face template was laid over the trans-
verse plane to determine the projections of acetabular 
arcs onto the transverse plane. A custom-written soft-
ware program was used to compute the resulting surface 
area and was applied to the acetabular articular surface 
and the fossa. Two independent observers performed all 
measurements.

Sixteen hips were included. Lateral center edge 
angle was 36.2° and femoral neck shaft angle was 131°. 
Mean arc lengths of the acetabular fossa from 3 o’clock 
(anterior) to 9 o’clock (posterior) were 26, 28, 28, 30, 29, 28, 
and 27 mm at 3, 2, 1, 12, 11, 10, and 9 o’clock, respectively.

The smallest aspect of the acetabulum is the ante-
rior aspect, and the largest is the superior (12 o’clock); 
the size increases progressively from anterior to superior. 
In most cases, the superior arc length, or sourcil, cor-
responds to the 2 o’clock position, and thus the lateral 
center edge angle may not necessarily correspond to the 
lateral aspect of the acetabulum.

fter femoroacetabular impingement (FAI) was 
recognized as an etiology of hip osteoarthri-
tis,1-6 interest in hip joint preservation surgery 
increased.7-12 There is a wide variation in hip 

osseous morphology (Table I), which can develop into 
cam and/or pincer FAI. With FAI increasingly being 
recognized as a hip damage mechanism, particularly in 
young, active patient populations, nonarthroplasty man-
agement options are gaining favor.

Current nonarthroplasty options include nonopera-
tive approaches,13-15 minimally invasive hip arthrosco-
py,4,6,9-12,16-29 open surgical dislocation,4,23,30-41 periac-
etabular osteotomy,42 and total hip arthroplasty (THA). 
Open surgical hip dislocation, traditionally considered 
the gold standard for FAI, has had good to excel-
lent, technically reproducible results.40,41 Although this 
technique provides excellent visualization and typically 
allows for muscle preservation, its open nature exposes 
patients to an amount of morbidity not seen with less 
invasive techniques, including arthroscopically-assisted 
and all-arthroscopic procedures. 

The normal morphologic characteristics of the ace-
tabular joint are poorly understood, and there remains 
a paucity of basic studies that adequately describe nor-
mal hip osseous morphology. Previous studies43-45 have 
described the morphology of the hip joint but have been 
limited in their methodology and clinical applicability. 
Other studies have analyzed computed tomography 
(CT)–based computer navigation models to describe 
hip anatomy, but the results of these studies have been 
discouraging46 or not clinically relevant.47 One of the 
major challenges in surgical management of FAI is the 
inability to determine the precise anatomical location 
and severity of the impingement.

Understanding 3-dimensional (3-D) hip anatomy 
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An Original Study

Table I. Etiologies of Abnormal 
Hip Osseous Morphology

Acetabular Femoral

Retroversion Coxa vara

Coxa profunda Slipped capital femoral epiphysis

Coxa protrusio Femoral head avascular necrosis

Dysplasia Posttraumatic, iatrogenic

Posttraumatic, iatrogenic Retrotorsion

Legg-Calvé-Perthes disease
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allows orthopedic surgeons to plan appropriate hip joint 
preservation surgery. In the study, we used 3-D analysis 
to comprehensively map the osseous morphology of the 

acetabulum. We also correlated the 3-D anatomical data 
to standard radiographic images to further enhance 
preoperative planning. We hypothesized that our ace-
tabular osseous anatomical findings, as determined with 
radiograph and computer-based 3-D analysis, would be 
consistent with those reported in the literature and that 
the acetabulum would be largest at its superior-most 
aspect.

Thirty-six human cadaveric specimens (72 hips) were 
available for analysis. A standard anteroposterior plain 
radiograph was taken of each pelvis with the cadaver in 
a supine position. All radiographs were obtained with the 
coccyx positioned in the midline, approximately 1 cm above 
the pubic symphysis (neutral tilt); the obturator foramen 
and the greater trochanter were symmetrical (neutral rota-
tion). After the radiographs were reviewed, only those hips 
from baseline healthy donors, Tönnis scale48 grade 0 (no 
osteoarthritis) or grade 1 (increased sclerosis at head and/
or acetabulum, slight narrowing of joint space, moderate 
loss of sphericity of head) were used in the 3-D morpho-
logic analysis. Hips with Tönnis scale grade 2 (small cysts 
in head/or acetabulum, increased narrowing of joint space, 
moderate loss of sphericity of head) or grade 3 (large cysts 
in head and/or acetabulum, severe narrowing or oblit-
eration of joint space, severe deformity of the head) were 
excluded from further analysis. 

A sports medicine fellowship–trained orthope-
dic surgeon used tools in our Picture Archiving and 
Communication System to grade all radiographs. Joint 
space was measured at 2 points (lateral, medial), and 
several parameters49 were considered (Tönnis angle, 
Sharp angle, lateral center edge [LCE] angle of Wiberg, 
femoral neck shaft [FNS] angle, crossover sign, poste-
rior wall sign).

Hips that met the study criteria were dissected to the 
level of the hip joint capsule without removing cartilage 
from the acetabulum. A computer navigation system, 
Hip Resurfacing Application (BrainLAB, Feldkirchen, 

Figure 1. In these screen shots produced with hip arthroplasty software (BrainLAB, Feldkirchen, Germany), (A) point cloud represents 
surface area of acetabulum, and (B) fossa and acetabulum points are used to reconstruct hip morphology in 3 dimensions.

A B

Figure 2. (A) Clock face applied to acetabular surface. Each time 
on clock represents measured arc length. (B) Clock face applied 
to 3-D acetabular morphology. For left hip, 3 o’clock direction cor-
responds to anterior of joint, and 9 o’clock direction corresponds 
to posterior of joint.

A

B
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Germany), was then used to acquire the geometry of the 
eligible hips. Optical sensors were placed in appropriate 
bony landmarks, including the anterior superior iliac 
spine and the proximal femur, according to manufac-
turer specifications. The navigation system’s THA soft-
ware was used to place the optical pointer in the deepest 
point of the acetabular fossa, and 50 data points were 
obtained. Similarly, with use of the optical pointer, 200 
data points were obtained from the acetabular articular 
surface, by outlining the borders of the articular sur-
face and then drawing circumferential and radial lines 
(Figure 1).

The point cloud data acquired with the navigation 
system were translated into a graphical computer-
aided design environment (SolidWorks 2007; Dassault 
Systèmes SolidWorks Corp, Waltham, Massachusetts). 
Orthogonal datum planes (equivalent to transverse, sag-
ittal, and coronal planes) were created as a local coor-
dinate system centered at the acetabular/femoral cen-
troids, as determined by the navigation system. Radial 
lengths and acetabular depth were thus measured. A 
clock face template was applied to the transverse plane 
to determine the 3 o’clock (anterior) through 9 o’clock 
(posterior) positions and projections of the arcs onto 
the transverse plane (Figure 2).

A Visual C++ program custom-written under the 
Microsoft Foundation Class programming environment 
was used to produce a mesh from the point cloud data 
and compute the resulting surface area. This program 
was applied to the acetabular articular surface and to 
the fossa (Figure 3).

Radiographs of the hip specimens were correlated 
to the 3-D data. Applying ImageJ software (National 
Institutes of Health [NIH], Bethesda, Maryland) to 
the radiographs, 2 independent observers measured arc 
length from the center of the hip joint to the superior 
edge of the acetabulum (Figure 4). This arc length was 
then compared to the arc length from the correlating 
hip specimen collected during 3-D analysis. The clock 
face value with the 3-D analysis arc length closest to the 
radiograph arc length was recorded. The mode of the 
clock face values was used to correlate the radiographs to 
the 3-D models. All the data were used to make anatomi-
cal recreations of the acetabular morphology (Figure 5).

Outcomes of interest from the radiographic measure-
ments included lateral joint space width, medial joint 
space width, LCE angle, and FNS angle. Outcomes 
of interest computed from the acetabular 3-D mesh 
included surface area, radius, and depth of acetabular 
articular surface and fossa. In addition, arc lengths by 
clock face positions were measured.

For the nondescriptive components of  this ana-
tomical study, statistical analysis for the calculation 
of interobserver and intraobserver reliability was per-
formed with the intraclass correlation coefficient. A 
correlation matrix and individual Pearson correlation 
coefficients were used to compare navigation system 

arc lengths and radiograph arc lengths. All statistical 
analyses were conducted with statistical software (SPSS, 
Chicago, Illinois), and results were considered signifi-
cant at P<.05.

Sixteen specimens met the study criteria. Mean (SD) age 
was 73 (12) years. As measured on plain radiographs, 
mean (SD) joint space was 6.2 (1.0) mm laterally and  
4.9 (1.1) mm medially. In addition, mean (SD) LCE angle 
was 36.2° (5.4º), and mean (SD) FNS angle was 130.9° 
(3.7º). The data were manipulated for right and left hips 
to ensure that 3 o’clock represented the anterior of the hip 
and 9 o’clock represented the posterior of the hip.

The acetabular mesh was used to compute surface 
area, radius, and depth and was applied to the acetabular 
articular surface as well as the fossa. Mean (SD) sur-
face area of the acetabular fossa was 474.1 (72.1) mm2,
and mean surface area of the articular surface was  
2642.5 (536.9) mm2. Mean (SD) radius was 23.3 (1.7) mm, 
and mean (SD) depth was 27.9 (2.6) mm. The largest 
arc lengths were in the 12 o’clock direction; arc lengths 
decreased both clockwise and counterclockwise from 12 
o’clock. Mean arc lengths for each clock direction and 
mean radial measurements of the acetabular articular 
surface are described in Table II and Figure 6.

For each arc length measured with ImageJ (NIH) 
software, intraobserver reliability and interobserver reli-
ability were high. Intraclass correlation coefficient was 

Figure 3. (A, B) Two views of ace-
tabular articular surface mesh. 
Visual C++ program custom-writ-
ten under Microsoft Foundation 
Class programming environment 
was used to produce mesh imag-
es. (C) Acetabulum and fossa with 
measurement variables assigned (R, radius; D, depth; AL,  
arc length). (D) Modified 3-dimensional mesh depicts clock  
face “meridians.”
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.995 (P<.001) within each observer and between observ-
ers. Furthermore, radiograph arc lengths and navigation 
system arc lengths correlated highly (R = 0.274) at the 
2 o’clock position. 

The 4 principal findings of this study are:
• The largest distance from the acetabular fossa to the 

outer edge of the acetabulum is at 12 o’clock.
• Distances from the acetabular fossa progressively 

decrease in the anterior direction (3 o’clock) and in 
the posterior direction (9 o’clock).

• The anterior acetabular wall appears to decrease 
more dramatically at 4 o’clock.

• The acetabular arc length (or sourcil) may correspond 
to a point between 10 o’clock and 2 o’clock but in 

most cases corresponds to 2 o’clock, and, thus, the 
LCE angle may not necessarily correspond to the 
lateral-most aspect of the acetabulum.

This contributes additional, novel information to the 
growing body of literature on normal femoroacetabular 
osseous morphology.

There is no consensus on normal hip osseous anat-
omy. For example, although the anatomy of the ante-
rior acetabular ridge has been consistently described as 
irregular, and includes curved, angular, irregular, and 
straight configurations,43-45 the posterior acetabular 
rim has been described as hypoplastic in some studies50 
but not others.43,51,52 In addition, most of the published 
morphologic studies were designed to help with the 
design and sizing of acetabular components for THA. 
Although the anatomical data presented in these stud-
ies43-45,50,51,53 are clearly relevant, there is still need for a 
better understanding of normal hip osseous morphology 
from a minimally invasive, nonarthroplasty perspective.

Surgical intervention may be able to prevent hip 
osteoarthritis. For example, pincer FAI can be managed 
by trimming the acetabular rim. Knowledge of the hip 
morphology is a must when deciding whether a patient 
is a candidate for an acetabular rim trim. The results 
of this 3-D analysis of the acetabulum provide more 
insight into the normal anatomy of the hip joint. As 
the depth around the circumference of the acetabular 
surface is not constant, the rim extends a variety of 
arc lengths. For example, the distance to the anterior 
rim is smaller than the distance to the posterior rim. In 
addition, the longest length is at the superior aspect of 
the acetabular rim. These results set the standard for 
the normal morphology of the acetabulum, which is 
required for the diagnosis and ultimately for the man-
agement of anatomical abnormalities of insidious onset 
or resulting from acute injury.

A comprehensive definition of the normal morphol-
ogy of the hip joint can also be applied to preoperative 
planning. A hip radiograph provides a clear delinea-
tion of arc lengths from the center of the joint to the 
acetabular rim in 2 dimensions. In this study, the length 
of the superior arc was compared with the 3-D data 

Figure 5. 3-D hip morphology reconstructions from patient-
based computed tomography scans will be used to measure arc 
lengths and acetabular/femoral version.

Table II. Arc Lengths From Each Clock Face Directiona, Compared With 
Corresponding Arc Lengths of Each Specimen

Clock Face Direction

Specimen Arc Length, mm 7 8 9 10 11 12 1 2 3 4 5 6

Mean 20.3 23.03 26.98 27.83 29.27 30.16 28.21 28.41 25.79 20.33 18.34 15.79

Minimum 9.74 11.95 18.42 18.1 21.71 25.34 21.96 21.91 14.87 10.3 16.32 15.79

Maximum 25.7 27.54 42.25 35.94 34.56 39.68 32.97 39.76 44.39 27.67 20.53 15.79

SD 4.67 4.4 6.45 4.65 3.61 3.8 3.12 5.35 7.62 4.59 1.78 N/A

aThe data were manipulated for right and left hips to ensure that 3 o’clock represented the anterior of the hip and 9 o’clock represented the posterior of the hip. 

Abbreviation: N/A, not applicable.

Figure 4. Hip specimen radiographs correlated to 3-D data. 
ImageJ software (National Institutes of Health, Bethesda, 
Maryland) was used on radiographs to measure arc length from 
center of hip joint to superior edge of acetabulum. Radiograph 
values were compared with 3-D analysis values for same hip 
specimen.
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to determine which clock face value correlated best to 
the 2-dimensional (2-D) arcs. In this comparison, the 
superior radiographic arc appeared to be represented at 
the 2 o’clock position in 37% of cases and at 1 o’clock in 
19% of cases. The 12 o’clock position corresponded to 
only 6% of cases, and therefore the LCE angle may not 
correspond to the largest arc length of the acetabulum. 
Similarly, when the radiographic measurement of acetab-
ular arc length was statistically compared with the mean 
3-D acetabular arc lengths measured at each clock face 
position, the strongest correlation with the radiographic 
view was at the 2 o’clock position. Of note, the acetabu-
lar version, which was not measured in the present study, 
may have also affected the relationship between the 
radiographic acetabular arc length. Surgeons can apply 
this information by using the noninvasive radiograph 
to estimate the 3-D anatomy. More studies are needed 
to further determine the relationship between the 3-D 
measurements and the 2-D radiographs.

In 2001, Maruyama and colleagues44 studied the 
morphologic features of 100 human cadaveric hips, with 
the goal of analyzing acetabular and femoral antever-
sion angles as well as femoral head offset. The authors 
reported 4 distinct anterior acetabular ridge configura-
tions: curved, angular, irregular, and straight. A curved 
configuration was most commonly found, accounting 
for 61% of the specimens’ morphology. The results 
from that investigation were supported in 2007 by 
Vandenbussche and colleagues,54 who morphologically 
studied the acetabular rim with the goal of determin-
ing a way to prevent iliopsoas impingement after THA. 
Using 34 human cadaveric pelvises, the authors found 
the morphology of the acetabular rim to be an asym-
metric succession of peaks and valleys and coined the 
phrase psoas valley for the acetabular rim.

Similarly, in 2008, Vandenbussche and colleagues45 
studied the morphologic characteristics of 200 healthy 
human hips. The authors used CT scans to digitize the 
acetabular ridge of each hip onto 3-D bone reconstruc-
tions, confirmed that the acetabular rim is an asym-
metric succession of peaks and troughs, and found 
the geometry of the psoas valley (anterior ridge) most 
commonly curved, followed by near equal distributions 
of irregular and angular. Unlike Maruyama and col-
leagues,44 the authors did not find any specimens with a 
straight configuration.

Kohnlein and colleagues43 recently examined 66 ace-
tabula from 33 human cadaveric specimens and described 
their morphologic findings. Mean (SD) age was 44 (15) 
years. A single observer used plaster molds recon-
structed from the bony acetabulum to create a model 
to be used to perform measurements. In that model, 
similar to ours, a clock face was used to describe the 
geometry of the acetabulum. However, whereas we used 
computer navigation software in our study, Kohnlein 
and colleagues used a measuring tape and a goniometer 
to measure acetabular depths and arc lengths by hand. 

They also studied acetabular inclination, version, and tilt 
after manually reconstructing the previously separated 
pelvises; we did not analyze this information. Their find-
ing, similar to ours and to that reported in other studies, 
is that the acetabular rim has a nonuniform morphology, 
with peaks and depressions along the rim. Although 
they focused more on acetabular version, tilt, and inclina-
tion, we focused more on surface area, radius, depth, and 
arc length of the acetabulum, which allows for character-
ization of the overall acetabular morphology.

The study by Kohnlein and colleagues43 was well 
designed but had several limitations: single observer, 
specimens obtained from a collection dating to the 6th 
through 13th centuries, and use of plaster molds and 
hand-based measurements for data collection. Perhaps 
the most clinically relevant limitation was the lack of 
cartilage in the hips. In our study, all the measurements 
were taken by 2 independent observers, providing excel-
lent reliability. In addition, computer-based measure-
ments and 3-D navigation software were used for all 
data measurements, providing excellent precision and 
accuracy of the data.

Although they were not examining normal hip osse-
ous morphology, Tannast and colleagues47 developed, 
validated, and used a noninvasive, CT-based method to 
assess FAI. They developed software (HipMotion) to 
reconstruct a 3-D model of the pelvis and femur from 
CT scans so that they could anatomically calculate the 
range of motion of each hip, identify the impingement 
zone, and simulate postoperative hip motion. They 
validated their software by comparing their virtual 
measurements with measurements made with the THA 
software of BrainLAB.

The results from the study by Tannast and colleagues47 
may represent the future of using noninvasive 3-D mod-
els for preoperative planning and intraoperative man-
agement of FAI. However, the need for a similar model 
describing normal hip osseous morphology remains. In 
2009, Zumstein and colleagues55 conducted a cadaveric 
study of a hip arthroscopy method that, in managing 
pincer FAI, avoids the posterolateral portal. Each cadav-
er hip was dissected after the presumed pincer FAI lesion 

Figure 6. Results of radiograph correlations to clock face arc 
lengths.
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was arthroscopically trimmed, and then the area being 
managed was analyzed. The authors found their pre-
sumed posterior starting point, and thus their planned 
arc of tissue resection significantly underestimated the 
actual arc of resection. The authors concluded that 
accurate preoperative planning for arthroscopic manage-
ment of pincer FAI is crucial, further highlighting the 
importance of determining normal acetabular anatomy.

The present study addressed previous limitations by using 
a computer-based 3-D measurement system. Through use 
of data points, the BrainLAB system can recreate a 3-D 
hip model, which provides more accuracy and precision 
than human-based measurements do. In addition, the 
present study used multiple observers for data analysis 
to minimize observer bias and human error. Another 
strength of this study is its use of recently donated 
human cadavers with intact cartilage, representing cur-
rent body types and allowing for full dissection and 
manipulation. However, the cadaveric specimens were 
also a limitation, as the population consisted mostly of 
the elderly and the diseased, obviously not representa-
tive of the general population.

In summary, the present study demonstrated that the 
longest distance from the acetabular fossa to the outer 
edge of the acetabulum was at 12 o’clock and that dis-
tances progressively decrease in both the anterior direc-
tion (3 o’clock) and the posterior direction (9 o’clock). 
Furthermore, the anterior acetabular wall appears to 
decrease more dramatically at 4 o’clock.

Radiographically, the superior arc length (or sourcil) 
may correspond to a point between 10 o’clock and 2 
o’clock but in most cases corresponds to 2 o’clock, and, 
thus, the LCE angle may not necessarily correspond to 
the lateral-most aspect of the acetabulum. Clinically, 
acetabular arc measurements can be used as intraopera-
tive guides in assessing the amount of rim trimming or 
acetabular reorientation that is necessary. More studies 
will be conducted to determine the correlation between 
3-D CT measurements and radiographic measurements.

The smallest aspect of the acetabulum is the anterior 
aspect, and the largest is the superior (12 o’clock); the size 
increases progressively from anterior to superior. In most 
cases, the superior arc length (or sourcil) corresponds to 
the 2 o’clock position, and, thus, the LCE angle may not 
necessarily correspond to the lateral-most aspect of the 
acetabulum. Having descriptions of normal hip morphol-
ogy will improve preoperative planning and postoperative 
outcomes of hip joint preservation surgery.

The authors report no actual or potential conflict of inter-
est in relation to this article.
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