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Abstract

Background Surgical correction of acetabular dysplasia

can postpone or prevent joint degeneration. The specific

abnormalities that make up the dysplastic hip are

controversial.

Questions/purposes (1) What are the relative size, shape,

and orientations of the typical nondysplastic hip? (2) How

do these variables differ in the developmentally dysplastic

hip? (3) Are there version differences between the ace-

tabuli of dysplastic and nondysplastic hips? (4) Are there

pairs of variables in which the change in one is always

accompanied by a change in the other for both nondys-

plastic and dysplastic acetabuli?

Methods Of 117 consecutive three-dimensional (3-D) CT

scans performed for hip dysplasia between March 1988 and

October 1995, 48 met criteria of developmentally dysplastic

hips by plain radiography. These were retrospectively

compared with 55 pelvic 3-D CT scans culled from 81

consecutive scans performed for reasons other than hip

dysplasia (ie, hip pain, trauma, infection) that did not affect

the hip or pelvic landmarks. The 3-D reconstructions were

orientated anatomically for standardization of the mea-

surements to be compared. Representative 3-D volumes of

the acetabular space were constructed from which we could

measure anatomic positions and dimensional information.

One author performed all image orientation and measurements.

Results Nondysplastic acetabuli are essentially hemi-

spheric with height equal to width and twice the depth. The

dysplastic acetabuli were elongated in females (52.4 ±

6.2 mm for dysplastic versus 46.5 ± 4.6 mm for non-

dysplastic (mean difference, 5.0; 95% confidence interval

[CI], 1.9–8.0; p = 0.002) and shallower in both females

(18.7 ± 4.9 mm for dysplastic versus 23.6 ± 4.0 mm for

nondysplastic; mean difference, 6.5; 95% CI, 4.4–8.5;

p \ 0.0001) and males (21.1 ± 4.8 mm for dysplastic

versus 25.0 ± 4.3 mm for nondysplastic, mean difference,

5.3; 95% CI, 2.6–8.1; p = 0.0002); width was similar to

that of nondysplastic hips. Acetabular openings were

slightly more vertical than nondysplastic hips in females

(5�; 95% CI, 1.9–8.1; p = 0.002) but not in male subjects.

The dysplastic acetabuli were smaller in volume (18% in

females, p = 0.002, and 19% in males, p = 0.0012) and

had less space occupied by the femoral head compared

with nondysplastic hips (p \ 0.0001 for females,

p \ 0.0001 for males). Dysplastic hip midacetabulum was

4� more anteverted in females (95% CI, 0.5–6.8;
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p = 0.022) but not for males (p = 0.538). The upper

dysplastic acetabulum was more retroverted in females and

males (10.2�; 95% CI, 5.5–15; p \ 0.0001, and 7.0�; 95%

CI, 0.6–13.4; p = 0.032, respectively). Acetabular vol-

umes in nondysplastic and dysplastic hips were related to

acetabular width but not to length.

Conclusions Developmentally dysplastic acetabuli are

not deficient in merely a single dimension but are

globally deficient. The subluxated femoral head lies in

the elongated and retroverted superior acetabulum,

which becomes progressively shallower as the acetab-

ulum increases in length. Focally deficient anterior or

posterior femoral head coverage is uncommon. Current

procedures that redirect the acetabulum, no matter how

technically successful, cannot fully compensate for the

incongruence of a spherical femoral head within a

shallow and elongated acetabulum unless corrected at

an early age when acetabular remodeling is possible.

Early detection and treatment of acetabular dysplasia

should be emphasized.

Level of Evidence Level III, prognostic study.

Introduction

Acetabular dysplasia causes a focal concentration of con-

tact stress on the articular cartilage [16, 17, 26], which can

eventually lead to osteoarthritis (OA) [50, 51]. Hip OA

secondary to uncorrected hip dysplasia is the most common

reason for hip arthroplasty in young adults [7, 10, 23, 51].

Procedures to correct acetabular orientation may delay the

onset and/or progression of OA [16, 43, 49, 52, 53, 55, 61,

69]. These procedures are designed to decrease high

articular cartilage load by repositioning the acetabulum to

maximize the femoral-acetabular contact surface and

femoral head coverage [26, 29, 45, 47]. To position the

acetabulum correctly, it is important to understand how the

pathological anatomy and orientation of the dysplastic

acetabulum differ from that of the typical nondysplastic

hip.

Dysplastic hip anatomy has become better understood

with the advent of newer imaging technologies. Whereas

plain radiographs demonstrate superolateral subluxation,

axial CT scans make it possible to quantify abnormalities

in acetabular orientation and define acetabular defects of

the anterior and posterior walls [14, 56, 72]. Since the

mid-1980s, computer software has been available to

summarize serial CT scan images, producing two-

dimensional (2-D) reconstructions and three-dimensional

(3-D) surface volumes [42, 67, 70]. The 3-D CT scan

has enhanced the ability to assess femoral head coverage

and the shape of the acetabulum, improving spatial

visualization over 2-D scans [8, 31–33, 37–39, 59].

The hallmark of an anatomic study is standardization. In

CT studies of the pelvis, the patient position is often

assumed to be uniform [8, 15, 21, 22, 27–29, 31–35, 37, 46,

54, 59, 63], but pelvic positioning can vary greatly,

depending on patient size, presence of spine deformities,

and hip/lower extremity contractures, all of which can

substantially alter measurements of the acetabulum [1, 12,

40, 71]. McKibbin [44] defined the anatomic position of

the pelvis as the anterosuperior iliac spines in the same

transverse plane and in the same coronal plane as the

symphysis pubis. The advantage of the 3-D reconstruction

is that surface reconstruction can be reoriented properly,

regardless of the patient’s positioning during image

acquisition [1, 14, 39, 51].

Many authors have emphasized the benefits of 3-D CT

in preoperative planning of reconstructive procedures for

hip dysplasia [8, 15, 18, 22, 32, 35, 39, 57]; however,

controversies remain regarding how dysplastic and typical

acetabuli differ in orientation and shape [5, 22, 27, 46, 51,

54]. In our investigation, nondysplastic and developmen-

tally dysplastic hips were studied using 3-D CT scans,

creating a virtual mold or ‘‘fill’’ of the acetabuli. From

these fills, parameters of dimension, orientation, and vol-

ume were measured and compared.

Specifically, we sought to determine the following: (1)

What are the relative size, shape, and orientations of the

typically developed nondysplastic hip? (2) How do these

variables differ in the developmentally dysplastic hip? (3)

Are there version differences between the acetabuli of

dysplastic and nondysplastic hips? (4) Are there pairs of

variables in which the change in one is always accompa-

nied by a change in the other for both the nondysplastic and

dysplastic acetabuli?

Materials and Methods

We retrospectively reviewed 3-D CT scans of pelvises to

measure parameters of dimension (linear and volumetric)

and orientation of the acetabulae. The 3-D pelvic recon-

structions were first orientated anatomically, regardless of

the positioning of the patient during scanning, to stan-

dardize the measurements between scans. Representative

3-D volumes of the acetabular space and the femoral head

(acetabular fills and femoral head fills, respectively) were

constructed, and from these we measured the study vari-

ables. Our study was approved by the Research Ethics

Board at the Hospital for Sick Children, Toronto, Ontario,

Canada. One author (HvB) performed all image orientation

and measurements.
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Between March 1988 and October 1995, 198 consecu-

tive pelvic CT scans on patients 10 years or older were

performed at the Hospital for Sick Children, Toronto,

Canada, and these were retrospectively reviewed. All scans

had to include the pubis and both anterosuperior iliac

spines (orientational landmarks) so that the pelvis could be

reformatted anatomically. Pelvises with an immature tri-

radiate cartilage were excluded. CT scans obtained for the

purposes of evaluating hip dysplasia and surgical planning

of the same were included only if the origin of the dys-

plasia was solely developmental and on plain radiograph

the hip met criteria for dysplasia by one or more of the

following: acetabular indices of more than 20� [65],

Sharp’s angles greater than 45� [60], or center-edge angles

less than 20� for children 13 years old or younger (less than

25� for subjects older than 13 years of age [73]). Hips that

were highly subluxated (center-edge angle B 0� [73]) or

dislocated were excluded. Of the 117 CT scans for hip

dysplasia, 20 scans were excluded for patients with neu-

romuscular hip dysplasia, congenital malformations, or

skeletal dysplasias; 28 for hips/pelvises with previous

surgical intervention; and 21 for other reasons (not reach-

ing criteria for hip dysplasia, immaturity of the triradiate

cartilage, inability to reformat the entire pelvis). Forty-

eight scans (34 female and 14 male) met criteria; for those

with bilateral hip dysplasia (19 scans), only the left hip was

included in the data set.

For the nondysplastic hip group, 55 (32 female and 23

male) of 82 scans met criteria with diagnoses of hip pain

without radiologic finding (37), nondisplaced pelvic frac-

tures that did not involve the acetabuli/hip or orientational

landmarks (10), osteomyelitis (four), and tumors not

affecting one hip and the orientational landmarks (four).

Only scans of patients who were developmentally normal,

without hip pathology, and mature triradiate cartilages

were reviewed. The patient scans were screened to rule out

undiagnosed hip dysplasia on plain radiograph, as per the

criteria mentioned previously. Twenty-seven scans were

excluded for poor quality imaging, morphologic abnor-

malities involving both hips or the orientational landmarks,

or because suitable 3-D CT reconstructions could not be

created. For those scans with bilaterally usable hips (19

scans), only the left hip was included in the data set.

The median age for the patients with hip dysplasia was

17.5 years (18.5 years for females, range, 10–40 years;

15 years for males, range, 11–41 years) and for those with

nondysplastic hips, median age was 14 years (15 years for

females, range, 10–35 years; 13 years for males, range,

10–24 years). The median age for patients with hip dys-

plasia was skewed by the older age of the postmaturity

patients seeking treatment for hip dysplasia at the Hospital

for Sick Children. To verify that the distribution of skele-

tally immature and mature subjects was comparable across

the sex and diagnosis groups, we divided each group into

the ‘‘immature’’ (younger than 14 years old for females,

younger than 16 years old for males) and the ‘‘mature’’

categories. Using a chi-square table to compare nondys-

plastic and dysplastic females, no difference was found in

the maturity distribution (p = 0.862). Similarly, there was

no difference in the maturity distribution for nondysplastic

and dysplastic males (p = 0.443).

The studies were acquired on a General Electric 9800

CT scanner (Milwaukee, WI, USA) with Hilite detectors.

Images were attained at 3-mm contiguous intervals of

3-mm thickness [42] or 5-mm intervals for patients older

Fig. 1A–B A CT scan shows a subject who has bilateral nondys-

plastic hips. (A) A reformatted coronal section was taken from the

scan through the midacetabulum. The space between the acetabulum

and the femoral head is highlighted. The pelvis is positioned

anatomically. (B) Three-dimensional acetabular fills were created

from the same scan after bony elements were removed. The pelvis is

positioned anatomically.

Red + Green = AcVol 

Green = FHOccVol 

Fig. 2 A coronal cross-section shows a nondysplastic right hip made

through the midacetabulum. The entire shaded area (red and green)

represents a cross-section of the acetabular fill, the total acetabular

volume. The green-shaded area is a cross-section of the volume of the

acetabulum occupied by the femoral head. The red-shaded area is the

unoccupied acetabular volume, the space between the acetabulum and

the femoral head. AcVol = acetabular volume; FHOccVol = volume

of space occupied by the femoral head within the acetabulum.
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than 16 years as per the radiologists’ protocol. The tech-

nique used was 120 kVp and 40 to 80 mA, depending on

the patient’s size. These parameters were chosen to yield a

study of sufficient quality yet minimize radiation exposure.

Images were stored on magnetic tape or optical disk and

transferred to a free-standing computer workstation (Sun

Microsystems, Palo Alto, CA, USA). The 3-D volume

images and 2-D planar reformatted images were created

and analyzed using ISG Allegro multimode rendering

software (ISG Technologies [renamed Cedara], Mississa-

uga, Ontario, Canada). Before any measurements, the 3-D

pelvic images were reoriented into the anatomic position

with both anterosuperior iliac spines in the same transverse

plane and in the same coronal plane as the pubis [44, 51].

One author (HvB) performed all image orientations and

measurements in a nonblinded manner.

A 3-D representation of the space within the confines of

the acetabulum was created by outlining the acetabular

walls on each CT slice with the ISG Allegro edge-detection

software. The perimeter was closed with a straight line

from the anterior to the posterior acetabular lip, thereby

defining the cross-sectional area of the acetabulum at that

level. The structural sum of these areas resulted in an

acetabular fill, a 3-D shape that could be manipulated and

measured independently of other structures (Fig. 1A–B). In

a similar fashion, a fill representing the femoral head was

created. The volume of space each fill described was

named the acetabular volume and the femoral head vol-

ume, respectively. By overlapping the two fills, the volume

of space occupied by the femoral head within the acetab-

ulum, the femoral head occupied volume, could be

calculated (Fig. 2). All volumes were measured in mm3.

Dividing the femoral head occupied volume by the ace-

tabular volume yielded the percentage of available

acetabular space the femoral head occupied.

From the anatomically oriented acetabular fill, six

variables were measured (Table 1).

Length of the acetabulum was defined as the longest

straight-line distance of the acetabulum in the coronal

plane (Fig. 3A).

Width of the acetabulum was defined as the longest

straight-line distance of the acetabulum in the transverse

plane (Fig. 3B–C). The plane described by the intersection

of the length and width lines was named the acetabular

opening plane.

Depth of the acetabulum was measured as the longest

perpendicular distance from the acetabular opening plane

to the medial acetabular wall (Fig. 3A).

Acetabular anteversion, the acute angle between the

acetabular opening plane and the sagittal plane of the

pelvis, was measured at the widest point of the acetabulum.

A negative value denotes retroversion (Fig. 3D–E).

Table 1. Description of measured variables

Variable Acronym Description

Acetabular volume AcVol The volume of space occupied within the acetabulum

Femoral head volume FHVol The volume of space defined by the femoral head

Femoral head occupied volume FHOccVol (mm3) The volume of space within the acetabulum occupied by the femoral head

Percent of the acetabular volume

occupied by the femoral head

FHOccVol/AcVol Percentage of the available acetabular space (acetabular volume) occupied by

the femoral head

Length Longest coronal distance of acetabulum

Width Longest distance of the acetabulum in the transverse plane

Depth Longest perpendicular distance from the acetabular opening plane to the

medial acetabular wall

Acetabular anteversion The acute angle between the acetabular opening plane and the sagittal plane

of the pelvis, at the widest level of the acetabulum; a negative value

indicates retroversion

Torsion 1 The difference between the acetabular anteversion and the version at the

junction of the top and second quarters of the acetabulum; a negative value

indicates retroversion relative to the widest level of the acetabulum

Torsion 2 The difference between the acetabular anteversion and the version at the

junction of the third and fourth quarters of the acetabulum; a negative

value indicates retroversion relative to the widest level of the acetabulum

Total torsion Summation of Torsion 1 and Torsion 2

Opening plane abduction angle Angle of the acetabular opening plane relative to the transverse plane, with

the acetabulum rotated into a 0� anteversion position

Roof angle Angle described by the transverse plane and a line from the deepest point of

the acetabulum to the superolateral acetabular corner
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Measurements were stratified according to Tönnis and

Heinecke [66].

Torsion 1 is the difference between the acetabular

anteversion and the version at the junction of the top and

second quarters of the acetabulum (Fig. 3E). A negative

value indicates retroversion of the upper acetabulum rela-

tive to the widest part of the acetabulum.

Torsion 2 is the difference between the acetabular

anteversion and the version at the junction of the third and

bottom quarters of the acetabulum (Fig. 3E). A negative

value indicates retroversion of the lower acetabulum rela-

tive to the widest part of the acetabulum.

Opening plane abduction angle was measured as the acute

angle between the acetabular opening plane and the trans-

verse plane of the pelvis. For this measurement, the

acetabular fill was viewed in direct profile by rotating the

acetabular opening plane until it was perpendicular to the

coronal plane (0� anteversion position) (Fig. 4A). In the case

of an acetabulum that was truly a half sphere, the acetabular

position in space could be precisely described by the ace-

tabular anteversion and the opening plane abduction angle.

Roof angle, a measure of the inclination of the acetab-

ular sourcil, was measured as the angle between the

horizontal plane and a line connecting the deepest point of

the acetabulum to the superolateral corner with the ace-

tabular fill viewed in direct profile by rotating the

acetabular opening plane until it was perpendicular to the

coronal plane (0� anteversion position) (Fig. 4B).

Statistical analysis was performed on SAS version 9.4

(SAS Institute Inc, Cary, NC, USA) software. Differences

between groups were analyzed using analysis of covariance

with means adjusted for age. Fisher’s exact test was used to

evaluate differences in distributions of acetabular version

between nondysplastic and dysplastic groups. Correlations

between variables were determined using Pearson correla-

tion with strength of correlation of 0.7 or higher considered

‘‘strong.’’ Statistical significance was set at p B 0.05.

Length

Depth

Width

Torsion 1

Torsion 2

Anteversion

Torsion 1

Torsion 2

Anteversion measurement

A

B C

E
D

Fig. 3A–E Reformatted images were acquired from the 3-D CT of a

nondysplastic right hip. (A) The acetabular fill rotated into profile

(rotating the acetabulum to a 0� anteversion position) displaying the

parameters of length and depth. Length is the longest straight-line

distance in the coronal plane. Depth is the greatest perpendicular

distance from the acetabular opening plane to the medial acetabular

wall. (B) The parameter of width is displayed on a transverse section

through an anatomically positioned right acetabulum at the level of

the acetabulum’s greatest width. (C) A perspective showing a left hip

acetabular fill with the opening facing directly toward the viewer. The

acetabular width is indicated. The pelvis tilt was corrected to bring the

pelvis into the anatomic position. (D) A transverse section is made

through the anatomically positioned right acetabulum at its greatest

width. The acetabular anteversion is the angle between the sagittal

plane of the pelvis and a line connecting the anterior and posterior

margins of the acetabulum at this level. (E) A dysplastic left hip

acetabular fill-in was rotated into a profile (rotating the acetabulum to

a 0� anteversion position). Anteversion is measured at the widest level

of the acetabulum. Torsion 1 is measured at the junction of the first

and second quarters, Torsion 2 is measured at the junction of the third

and fourth quarters. By comparing figure E, a dysplastic acetabular

fill, with Fig. 1B, a nondysplastic acetabular fill, the more elongated

and torsioned morphology of the dysplastic acetabulum becomes

evident.

b
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Results

Relative Size, Shape, and Orientations of the Typical

Nondysplastic Hip

Nondysplastic acetabuli were nearly hemispherical, with

length equal to width, and width twice the depth, for both

sexes (Table 2). Male acetabuli were longer (p = 0.006) and

wider (p = \ 0.0001) than female acetabula, although there

was no difference in depth (p = 0.141). Female subjects had

4� (95% confidence interval [CI], 0.3–7.0) greater acetabular

anteversion compared with males (p = 0.033). The version

of the upper acetabulum was more retroverted relative to the

deepest part of the acetabulum (Torsion 1), 3� ± 5.5� in

females (p = 0.003) and 7� ± 11.4� in males (p = 0.015),

but there were no sex differences (p = 0.209). Similarly, the

lower acetabulum was relatively anteverted (Torsion 2),

10� ± 6.8� in females (p \ 0.0001) and 14� ± 9.4� in males

(p \ 0.0001), without sex differences (p = 0.242). The

opening plane abduction angle and roof angle were not dif-

ferent between the sexes (p = 0.123 and p = 0.135,

respectively). Males had larger acetabular volumes (p \
0.0001), larger femoral head volume (p \ 0.0001), and

greater femoral head occupied volume (p = 0.0001) com-

pared with females. The percentage of acetabular volume

that was occupied by the femoral head was not different

between female and male subjects (p = 0.695).

We found no difference between each subject’s ace-

tabular volume and their calculated hemispherical volume

(1/2[4/3 pradius3]) using their depth as the radius in the

formula (p = 0.715, paired t-test).

Morphological Differences Between the Nondysplastic

and the Dysplastic Hips

Dysplastic hip acetabuli were not hemispherical but were

elongated and shallow. For hips with dysplasia, the female

acetabuli were longer (5 mm; 95% CI, 1.9–8.0; p = 0.002),

but no difference was seen in males with the numbers avail-

able (p = 0.061) (Tables 3, 4). For both sexes, the acetabuli

were more shallow (females 6.5 mm; 95% CI, 4.4–8.5;

p \ 0.0001; males 5.3 mm; 95% CI, 2.6–8.1; p = 0.0002)

compared with nondysplastic acetabuli. Width was not dif-

ferent between dysplastic and nondysplastic acetabuli for both

sexes (p = 0.947 and 0.361, females and males, respectively).

Female hips with dysplastic acetabuli were 5� more vertically

oriented (opening plane abduction angle) than female hips

with nondysplastic acetabuli (95% CI, 1.9–8.1; p = 0.002);

there was no such difference between dysplastic and non-

dysplastic male acetabuli. Female dysplastic acetabuli were

more 4� anteverted (95% CI, 0.5–6.8; p = 0.022) than non-

dysplastic acetabula, but no difference was seen in males

(p = 0.538). Roof angles were less horizontal in the dys-

plastic acetabuli for both sexes (11�; 95% CI, 7.1–15.2;

p \ 0.0001 for females, 6�, 95% CI, 0.5–11.5; p = 0.032 for

males). The dysplastic acetabular volume was 18% smaller for

females (p = 0.002) and 19% smaller for males (p = 0.0012)

compared with nondysplastic acetabuli, but femoral head

volumes were the same for both sexes (p = 0.590 for females,

p = 0.071 for males). The volume percent of the dysplastic

Opening Plane 

Abduction Angle 

Roof Angle 

A

B

Fig. 4A–B (A) A nondysplastic left hip acetabular fill was rotated

into a profile (rotating the acetabulum to a 0� anteversion position).

The opening plane abduction angle is the acute angle between the

acetabular opening plane and the transverse plane of the pelvis. (B)

The same acetabular fill demonstrates the roof angle. The roof angle

is measured as the angle between the transverse plane and a line

connecting the superolateral corner and the deepest point of the

acetabulum.
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acetabulum occupied by the femoral head was only

35% ± 13% for females, a decrease of 25% (95% CI, 20–31;

p \ 0.0001), and 36% ± 17%, a decrease of 23% (95% CI,

15–30; p \ 0.0001) for males compared with nondysplastic

hips, suggesting subluxation.

Differences in Acetabular Version

Female dysplastic acetabuli were 3.7� more anteverted than

nondysplastic acetabuli (95% CI, 0.5–6.8; p = 0.022),

whereas there was no difference for males (p = 0.538).

The classification of Tönnis and Heinecke [66] for ace-

tabular version was modified so that acetabuli were

stratified into typical version (Grade 1, 15�–20�), relative

retroversion (Grade -3 and -2 combined, \ 14� antever-

sion), or relative excessive anteversion (Grade 2 and Grade

3 combined, [ 21� anteversion) so as to decrease the

number of cells with low counts. Using Fisher’s exact test,

a higher proportion of anteverted dysplastic acetabuli, in

both males and females, was found compared with non-

dysplastic acetabuli (p = 0.002 for females, p = 0.061 for

Table 2. Sex differences in subjects with nondysplastic hips

Variable Females ± SD Males ± SD Difference (95% confidence interval)* p value*

Number 32 23

AcVol (mm3) 25,404 ± 5547 34,255 ± 6266 9169 (6060–12,278) \ 0.0001

FHVol (mm3) 34,221 ± 7849 47,590 ± 11,081 14,201 (9200–19,202) \ 0.0001

FHOccVol (mm3) 14,646 ± 3555 19,210 ± 5589 4846 (2429–7264) 0.0001

FHOccVol/AcVol 57% ± 6% 56% ± 12% 1% (�5 to 7) 0.695

Length (mm) 46.5 ± 4.6 51.0 ± 4.9 4.6 (1.4–7.9) 0.006

Width (mm) 46.1 ± 3.0 51.2 ± 3.3 5.2 (3.2–7.3) \ 0.0001

Depth (mm) 23.6 ± 4.0 25.0 ± 4.3 1.6 (�0.6 to 3.8) 0.141

Acetabular anteversion 21.1� ± 5.6� 17.2� ± 6.2� 3.6� (0.3–7.0) 0.033

Torsion 1 �3.2� ± �5.5� �6.7� ± 11.4� 3.2� (�1.8 to 8.3) 0.209

Torsion 2 10.3� ± 6.8� 14.1� ± 9.4� 3.4� (�2.3 to 9.1) 0.242

Total torsion 13.5� ± 11.7� 20.8� ± 20� 6.6� (�3.8 to 17.0) 0.211

Opening plane abduction angle 55.3� ± 5.2� 58.0� ± 6.1� 2.6� (�0.7 to 5.9) 0.126

Roof angle 15.8� ± 6.1� 19.3� ± 6.7� 3.3� (�7.7 to 1.1) 0.135

* Differences calculated from age-adjusted means using analysis of covariance; AcVol = acetabular volume; FHVol = femoral head volume;

FHOccVol = femoral head occupied volume.

Table 3. Comparison of nondysplastic and dysplastic hips in females

Variable Females

Nondysplastic ± SD Dysplastic ± SD Difference* (95% confidence interval) p value*

Number 32 34

AcVol (mm3) 25,404 ± 5547 22,293 ± 6229 4733 (1804–7661) 0.002

FHVol (mm3) 34,221 ± 7849 37,178 ± 11,310 1284 (�3426 to 5994) 0.590

FHOccVol (mm3) 14,646 ± 3555 8319 ± 4340 7763 (5486–10,040) \ 0.0001

FHOccVol/AcVol 57% ± 6% 35% ± 13% 25% (20–31) \ 0.0001

Length (mm) 46.5 ± 4.6 52.4 ± 6.2 5.0 (1.9–8.0) 0.002

Width (mm) 46.1 ± 3.0 47.1 ± 4.7 0.1 (�1.8 to 2.0) 0.947

Depth (mm) 23.6 ± 4.0 18.7 ± 4.9 6.5 (4.4–8.5) \ 0.0001

Acetabular anteversion 21.1� ± 5.6� 26.1� ± 6.4� 3.7� (0.5–6.8) 0.022

Torsion 1 �3.2� ± 5.5� �11.9� ± 8.6� 10.2� (5.5–15.0) \ 0.0001

Torsion 2 10.3� ± 6.8� 19.1� ± 11.2� 10.7� (5.4–16.1) 0.0001

Total torsion 13.5� ± 11.7� 31.0� ± 19.2� 20.9� (11.2–30.7) \ 0.0001

Opening plane abduction angle 55.3� ± 5.2� 59.5� ± 6.9� 5.0� (1.9–8.1) 0.002

Roof angle 15.8� ± 6.1� 26.2� ± 10.2� 11.2� (7.1–15.2) \ 0.0001

* Differences calculated from age-adjusted means using analysis of covariance; AcVol = acetabular volume; FHVol = femoral head volume;

FHOccVol = femoral head occupied volume.
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males) (Table 5). Torsion 1 was more retroverted in dys-

plastic acetabuli compared with nondysplastic acetabuli for

both sexes (10�; 95% CI, 5.5–15.0; p \ 0.0001 for females,

7�; 95% CI, 6–13.4; p = 0.032 for males). Torsion 2 was

more anteverted in female dysplastic acetabuli (11�; 95%

CI, 5.4–16.1; p = 0.0001); there was no difference seen for

males (p = 0.075). Total torsion (summation of Torsion 1

and Torsion 2) was greater for dysplastic acetabuli than

nondysplastic, both for females (20.9�; 95% CI, 11.2–30.7;

p \ 0.0001) and males (13.6�; 95% CI, 0.4–26.7;

p = 0.043).

Correlation of Hip Variables

Pearson product-moment correlation coefficients were cal-

culated for all possible pairings of variables, both for

nondysplastic and dysplastic hips, with strength of correla-

tion of 0.7 or higher considered ‘‘strong’’ (Tables 6, 7). In the

nondysplastic hips, the acetabular volume was correlated to

width (r = 0.79, p \ 0.0001), whereas in the dysplastic hips,

it was correlated to both width (r = 0.72, p \ 0.0001) and

depth (r = 0.74, p \ 0.0001), indicating that changes in

acetabular depth in the dysplastic hip were linked to

decreases in acetabular volume. In both nondysplastic and

dysplastic hips, the acetabular volume correlated with fem-

oral head volume (r = 0.85, p \ 0.001 and r = 0.71,

p \ 0.0001, respectively) and the space within the acetab-

ulum occupied by the femoral head (r = 0.86, p \ 0.0001,

and r = 0.84, p \ 0.0001, respectively). As Torsion 1

became more retroverted Torsion 2 became more anteverted

in both nondysplastic and dysplastic acetabuli (r = 0.81,

p \ 0.0001, and r = 0.93, p \ 0.0001, respectively).

Discussion

In our report, 103 3-D CT pelvis reconstructions were

repositioned anatomically, allowing for consistent and

comparable measurements of orientation and dimension

parameters, to evaluate the differences between nondys-

plastic and dysplastic hips.

We note several limitations of this study. First, all mea-

surements were made by only one investigator (HvB). Others

Table 4. Comparison of nondysplastic and dysplastic hips in males

Variable Males

Nondysplastic ± SD Dysplastic ± SD Difference* (95% confidence interval) p value*

Number 23 14

AcVol (mm3) 34,255 ± 6266 29,164 ± 6581 6602 (2669–10,353) 0.0012

FHVol (mm3) 47,590 ± 11,081 45,713 ± 14,038 5831 (�497 to 12,158) 0.071

FHOccVol (mm3) 19,210 ± 5589 11,306 ± 6762 9243 (6184–12,301) \ 0.0001

FHOccVol/AcVol 56% ± 12% 36% ± 17% 23% (15–30) \ 0.0001

Length (mm) 51.0 ± 4.9 55.8 ± 9.7 3.9 (�0.2 to 8.1) 0.061

Width (mm) 51.2 ± 3.3 50.9 ± 4.4 1.2 (�1.4 to 3.7) 0.361

Depth (mm) 25.0 ± 4.3 21.1 ± 4.8 5.3 (2.6–8.1) 0.0002

Acetabular anteversion 17.2� ± 6.2� 19.7� ± 7.4� 1.3� (�2.8 to 5.4) 0.538

Torsion 1 �6.7� ± 11.4� �12.4� ± 14.0� 7.0� (0.6–13.4) 0.032

Torsion 2 14.1� ± 9.4� 18.8� ± 17.5� 6.5� (�0.7 to 13.8) 0.075

Total torsion 20.8� ± 19.9� 31.1� ± 31.4� 13.6� (0.4–26.7) 0.043

Opening plane abduction angle 58.0� ± 6.1� 57.0� ± 5.7� 0.3� (�3.9 to 4.5) 0.888

Roof angle 19.3� ± 6.7� 24.6� ± 6.5� 6.0� (0.5–11.5) 0.032

* Differences calculated from age-adjusted means using analysis of covariance; AcVol = acetabular volume; FHVol = femoral head volume;

FHOccVol = femoral head occupied volume.

Table 5. Hips by Tönnis grade of anteversion

Tönnis grade of anteversion Nondysplastic female Dysplastic female Nondysplastic male Dysplastic male

Grade -3 (\ 10�) and Grade -2 (10�–14�) 4 2 8 3

Grade 1 (15�–20�) 12 4 12 4

Grade 2 (21�–25�) and Grade 3 ([ 25�) 16 28 3 7

Total hips 32 34 23 14

Volume 473, Number 5, May 2015 How Are Dysplastic Hips Different? 1719

123



have found satisfactory reproducibility for acetabular mea-

sures on 2-D CT scans of hips, including a 95% intraobserver

reproducibility within 3.5� for acetabular anteversion [34],

intraobserver intraclass coefficients (ICC) ranging from 0.79

and 0.87 for variables including acetabular anteversion [29]

and mean interobserver ICC of 0.96 for measures including

acetabular anteversion for normal and dysplastic hips [11].

The images were acquired and processed with older tech-

nology with thicker slices than achievable with modern

helical scanners. We believe that the precision of the data

was suitable enough to detect differences between the non-

dysplastic and dysplastic acetabuli. We did not have the

ability to correlate symptoms with the differences in mea-

sured parameters. Our goal was to describe how dysplastic

and nondysplastic acetabuli differed rather than to correlate

morphologic changes to symptoms. The male cohort of the

study was small. Some parameters differed significantly

between nondysplastic and dysplastic hips in females but

were underpowered to make these comparisons in males.

Another possible limitation of our study is that the CT scans

we reviewed had all been performed with the patient in the

supine position rather than upright and weightbearing. Only

the femoral head occupied volume would be potentially

affected by loading or unloading the joint.

The nondysplastic acetabulum is a nearly perfect

hemisphere with dimensions of the coronal plane (length)

and transverse plane (width) essentially equal and twice the

acetabular depth [24, 46, 51]. The acetabulum is relatively

retroverted superiorly and relatively anteverted inferiorly

compared with the deepest part of the acetabulum, a find-

ing described for dysplastic acetabuli [13, 25, 37, 67], but

not often reported as occurring in nondysplastic acetabuli

[58]. The male acetabulum is 27% larger than the female,

and the male femoral head is 30% greater than the female;

despite that, the femoral head occupies the same percent-

age of acetabular space for both females and males. Other

than a 4� difference in anteversion (discussed subse-

quently), there are no other acetabular orientational

differences between the sexes.

Developmentally dysplastic acetabuli are not merely

deficient in a single plane or dimension, but are globally

deficient both in shape and orientation. Dysplasia manifests

in ‘‘acetabular elongation,’’ where the width remains

comparable to the nondysplastic acetabulum, but length is

increased and depth decreased [37]. Whereas a nondys-

plastic acetabulum could be conceptualized as half of a

tennis ball, the dysplastic acetabulum is much like taking

that half ball, stretching it lengthwise, and twisting it along

the axis, keeping the width constant. The subluxated fem-

oral head lies superiorly and laterally in the elongated and

retroverted part of the acetabulum. This region becomes

progressively shallower as the acetabulum increases in

Table 6. Correlation of variables, nondysplastic

Variable Correlated variable Pearson correlation coefficient (r) 95% confidence interval p value

AcVol Width 0.79 0.65–0.87 \ 0.0001

FHVol 0.85 0.75–0.91 \ 0.0001

FHOccVol 0.86 0.76–0.91 \ 0.0001

FHVol Width 0.79 0.66–0.87 \ 0.0001

FHOccVol 0.74 0.59–0.84 \ 0.0001

Torsion 1 Torsion 2 �0.81 �0.88 to �0.69 \ 0.0001

Roof angle Opening plane abduction angle �0.72 �0.82 to �0.55 \ 0.0001

AcVol = acetabular volume; FHVol = femoral head volume; FHOccVol = femoral head occupied volume.

Table 7. Correlation of variables, dysplastic

Variable Correlated variable Pearson correlation coefficient (r) 95% confidence interval p value

AcVol Width 0.72 0.54–0.83 \ 0.0001

Depth 0.74 0.58–0.85 \ 0.0001

FHVol 0.71 0.53–0.83 \ 0.0001

FHOccVol 0.84 0.72–0.91 \ 0.0001

FHOccVol Depth 0.73 0.56–0.84 \ 0.0001

FHOccVol/AcVol 0.90 0.82–0.94 \ 0.0001

Torsion 1 Torsion 2 �0.93 �0.96 to �0.87 \ 0.0001

AcVol = acetabular volume; FHVol = femoral head volume; FHOccVol = femoral head occupied volume.

1720 van Bosse et al. Clinical Orthopaedics and Related Research1

123



length and a lack of superior coverage results. Presumably,

the high-riding femoral head does not provide enough

pressure to the midacetabulum, which subsequently does

not remodel to sufficient depth with growth. The small

decrease in acetabular volume indicates that volume lost

resulting from a shallower acetabulum is somewhat bal-

anced by the coronal expansion of the dysplastic

acetabulum. Femoral head sizes of the age-adjusted groups

were essentially the same in our study. As determined by

the acetabular width, the femoral heads were appropriately

sized for the reduction into the dysplastic acetabuli [59].

We found the femoral head occupied 53% less volume of

the dysplastic acetabulum compared with the nondysplastic

hips in females and 48% less in males. The opening plane

abduction angle, analogous to the hip abduction angle [35]

but adjusted for the acetabular anteversion, was only mildly

increased in dysplastic female acetabuli, reflecting the

findings of others [46, 51]; there was no difference mea-

sured for males in our study. In our results, the roof angle

was 11� less horizontal in the dysplastic female hips and 6�
less in males, a finding similar to that of Ito et al. [27].

These relatively small changes in the opening plane

abduction and roof angles of dysplastic acetabuli indicate

how sensitive femoral head coverage and stability are to

changes in the superior acetabulum.

We found that females with nondypslastic acetabuli

were 4� more anteverted than males, similar to findings by

Anda et al. (3�) [2] and Tallroth and Lepistö (5�) [63]; most

other studies did not specify anteversion by sex [4, 27, 29,

30]. Acetabular anteversion for both sexes was no different

with dysplastic and nondysplastic acetabuli [3, 4, 13, 29,

33, 46, 48, 51, 56]. The superior portion of the acetabulum

(Torsion 1) was retroverted and the inferior portion (Tor-

sion 2) was anteverted relative to the widest aspect of the

acetabulum. The absolute acetabular torsion (Torsions 1

and 2 combined) was 14� in females and 21� in males in

nondysplastic acetabuli, and was increased in dysplastic

acetabuli, 31� for both sexes, from superoposterior to in-

feroanterior. These findings may represent the remodeling

pressure of the femoral head on the posterosuperior ace-

tabular rim [13, 37] and pressure from an aberrant iliopsoas

tendon on the inferior dysplastic acetabulum [25, 37, 67].

There are conflicting data on whether a greater per-

centage of dysplastic acetabuli are retroverted on CT

studies [4, 9, 27–29, 33, 34, 46, 51, 58]. When stratifying

acetabular anteversion by Tönnis grade, we found no dis-

proportionate percentage of retroverted acetabuli (Tönnis

Grades -3 and -2) among the dysplastic hips compared with

the nondysplastic hips (Table 5). Some authors have sug-

gested measuring acetabular version more superiorly on

CT scans to coincide with the crossover sign seen on

radiographs of retroverted acetabuli [34, 41, 58]. Torsion 1

was more retroverted in the dysplastic acetabuli, but the

version measurement at the point of greatest acetabular

width is the most meaningful, describing the acetabular

orientation at a level where the femoral head should be

most deeply contained. Because the goal of reconstructive

osteotomies is to place the femoral head as deeply as

possible within the acetabulum, using the superior aspect of

the acetabulum to determine version correction will result

in too much anteversion of the central (load-bearing) aspect

of the acetabulum. Also, after reconstruction, the most

superior aspect of the acetabulum should be much less

weightbearing.

We were unable to find relevant literature describing

correlations between different acetabular variables. It is

intriguing that the acetabular volume is most closely cor-

related to the acetabular width, and that in the dysplastic

acetabulum, the loss of acetabular depth is directly corre-

lated to loss of acetabular volume, whereas the change in

acetabular length is not. Dysplasia causes the strong rela-

tionship between two orientation variables, roof angle and

opening plane abduction angle, seen in the nondysplastic

hips, to become unlinked.

It is well understood that dysplasia of the acetabulum can

be compensated for but not restored to normal. Finite ele-

ment analysis has shown that reconstructive procedures

such as the Bernese periacetabular osteotomy (PAO) can

increase joint contact area and decrease joint contact pres-

sures [6, 36] but cannot reach predicted normal values,

probably because of the irregular shape of dysplastic hips

[20, 74]. Medium-term results (5.5 years to 15 years) after

PAO show a rate of conversion to THA between 7% and

15% [19, 36, 43, 68]. Steppacher et al. reported on a series

of patients with at least 19 years followup after PAO and

found that of 32 patients without preoperative signs of

arthritis, six (19%) were converted to THA [62]. We believe

that the true pathological anatomy of the dysplastic hip

prevents normalization of the joint by reconstructive means

as a result of its elongated and shallow deformity. Although

reconstructive measures may reverse symptoms and dis-

ability by stabilizing the hip to reduce shear force on the

acetabular roof, and possibly slow the progression of OA, it

must be recognized that they do not produce an anatomi-

cally normal hip. We suggest that one of the goals of

treatment should be to increase the volume of the femoral

head contained within the acetabulum, thereby increasing

the load-bearing surface of the joint [26, 45]. In the typical

dysplastic hip, a redirectional osteotomy of the acetabulum

should rotate the superolateral rim directly inferiorly around

an axis defined by the greatest acetabular width. The ace-

tabular anteversion should be decreased little, if at all.

Because a mature dysplastic acetabulum cannot be nor-

malized, more emphasis should be placed on identifying

and treating dysplastic hips earlier in hopes that they will

sufficiently remodel to ensure longer survivorship [64].
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