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Does total hip arthroplasty restore native hip anatomy?
Three-dimensional reconstruction analysis
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Abstract
Purpose Component orientations and positions in total hip
arthroplasty (THA) are important parameters in restoring hip
function. However, measurements using plain radiographs
and 2D computed tomography (CT) slices are affected by
patient position during imaging. This study used 3D CT to
determine whether contemporary THA restores native hip
geometry.
Methods Fourteen patients with unilateral THA underwent
CT scan for 3D hip reconstruction. Hip models of the
nonoperated side were mirrored with the implanted side to
quantify the differences in hip geometry between sides.
Results The study demonstrated that combined hip
anteversion (sum of acetabular and femoral anteversion) and
vertical hip offset significantly increased by 25.3°±29.3°
(range, −25.7° to 55.9°, p=0.003) and 4.1±4.7 mm (range,
−7.1 to 9.8 mm, p=0.009) in THAs.
Conclusions These data suggest that hip anatomy is not fully
restored following THA compared with the contralateral na-
tive hip.
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Introduction

Total hip arthroplasty (THA) is a highly successful surgical
treatment to restore hip function for patients with severe hip
arthritis, avascular necrosis and other hip diseases [1]. One of
the important goals of THA is to restore the hip joint adversely

affected by the degenerative arthritic process. Thus, positions
and orientations of the acetabular cup and femoral compo-
nents can directly affect loading conditions of the reconstruct-
ed hip articular surfaces and the behaviuor of surrounding
force-bearing structures. Malposition or misalignment of im-
planted components are associated with adverse clinical out-
comes, such as hip impingement [2] and dislocation [3],
increased liner wear and fracture, periprosthetic osteolysis
[4], edge loading [5] and increased metal ion load in the blood
[6]. Restoration of hip anatomy in position and orientation,
including native anteversion, location of the femoral head
centre and leg length is critical in optimising hip function [7,
8].

Previous studies investigated acetabular cup orientation
and position following THA using plain radiographs and
2D) computed tomography (CT) images [9–11]. Lewinnek
et al. suggested a safe zone of cup orientation to reduce the
dislocation rate [9]. Superolateral relocation of the acetabular
cup was found to cause a significant increase in hip joint force
[10] and was associated with increased acetabular failure [11].
Recently, investigators proposed optimising combined
anteversion [12] (sum of acetabular and femoral anteversion)
to reduce THA dislocation rates. Further, femoral offset dif-
ferences have been implicated in unsatisfactory clinical results
following THA [13]. However, whether contemporary THA
restores the 3D orientation and position of native hip geometry
remains largely unknown, as no data has been reported on the
comparison of 3D orientations and positions of both the femur
and acetabulum between THA and the contralateral,
nonimplanted hip.

The purpose of this study was therefore to determine, using
CT imaging and 3D modeling techniques, whether contem-
porary THA restores native hip anatomy by quantifying dif-
ferences in orientations and positions between the implanted
hip and contralateral nonimplanted native hip in patients with
unilateral THA.
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Materials and methods

Patients

Fourteen patients with hip osteoarthritis (OA) (seven men and
seven women) who underwent unilateral THA participated in
this study. All patients received cementless unilateral THAwith
Zimmer Trilogy acetabular cup, longevity highly cross-linked
polyethylene, ML taper and cobalt–chromium (CoCr) femoral
head (Zimmer, Warsaw, IN, USA). Acetabular cup and femoral
head sizes ranged from 50 to 56 mm and 32 to 36 mm,
respectively. The study was approved by the institution’s Inter-
nal Review Board, and each patient provided written informed
consent prior to participation. Patient median age was
58.5 (± 7.0, range 47 70) years.Median body height and weight
were 168.9 cm (± 8.4, range 157.5 185.4) and 86.3 kg (± 14.3,
range 59.9 103.0), with median bodymass index (BMI) of 29.4
(± 3.6, range 20.7 31.8). Median follow-up was 16.5 months
(± 13.3, range 6 39) from surgery. No patient had a history of
dislocation, subluxation or any surgical complication.

CT-based 3D modeling and mirroring

In accordance with previously published and validated study
protocol [14], each patient received a CT scan (Sensation 64,
Siemens, Germany) from the fifth lumbar vertebra to the mid-
femur for creation of surface models of the acetabular cup,
femoral stem, femur and hip bone (formed by ilium, ischium
and pubis) (Fig. 1a). For comparison of anatomical measures
between THA and native hip (Fig. 1b), surface models of the
contralateral native hip bone and the femur were mirrored
with respect to the sagittal plane (Fig. 1c). The mirrored
models were then aligned with the hip bone and the femur
of the implanted side (Fig. 1d) using the method of iterative
closest points [15]. A 3D deviation analysis on mirrored
models and implanted side showed that the average ± standard
deviation (SD) of distances in between were 0.98±0.24 mm
for the hip bone and 0.69±0.26 mm for the proximal femur.

Acetabular and femoral orientation/position measurements

The frontal pelvic plane [9] was considered as the y–z plane of
the local pelvic coordinate system, with the z axis parallel to the
medial and lateral axis (Fig. 2a). To measure acetabular cup
orientations of aligned native and implanted hips, 30 points
evenly distributed on the rim of the acetabular cup were
digitised and fitted with a 3D plane to determine cup-opening
plane of each bony and implant cup. Acetabular anatomical
anteversion was defined as a transverse plane angle between the
best fitted cup-opening plane and the sagittal plane (Fig. 2b)
[16]. Acetabular anatomical inclination was defined as a coro-
nal plane angle between cup opening plane and transverse plane
(Fig. 2b) [16]. Femoral neck axis was determined by linking the

centroid of a cross section at the mid-femoral-neck level to the
femoral head centre. The neck axis was projected onto the
transverse and coronal planes to measure differences in femoral
anteversion and shaft-neck angle between THA and native hips
(Fig. 2b and c). Differences in cup anteversion and inclination
between THA and native hip were also calculated.

Hip joint centres (HJC) of the pelvis and femur were
measured for both implanted and native hips. The centroid
of the best fitted sphere to the horseshoe surface of the bony
acetabular cup was determined as the native pelvic HJC
(Fig. 2a). Femoral HJC of the native hip was defined at the
centre of the femoral head (Fig. 2c). For THAs, HJCs of pelvis
and femur were defined as the centroid of the best-fitted
sphere to the femoral head. Projection of differences between
implanted pelvic HJC location andmirrored native pelvic HJC
location along the pelvic local axes were considered as local
cup translations, e.g. cup lateralisation, medialisation and
vertical elevation. Differences between implanted femoral
HJC location and mirrored native HJC along the local femoral
axes were calculated as changes in femoral anterior/posterior
(A/P) offset, femoral vertical [superior/inferior (S/I)] offset
and femoral horizontal [lateral/medial (L/M)] offset.

Overall changes in orientations and positions of articulation
surfaces at the implanted hip were calculated by combining
changes in both acetabular and femoral components with re-
spect to the contralateral native hip. Combined anteversion,
inclination and translations alongA/P, S/I and L/M are reported.

Statistical analysis

Differences between native and implanted hips of each THA
patient regarding cup inclination, cup anteversion, femoral
anteversion, femoral-shaft-neck angle and HJC locations
along anatomical axes were measured. Average, SD and range
of differences between the two sides were calculated. Root
mean square error across patients was also calculated for
differences in positions and orientations to show the overall
magnitude of the varying quantity of differences. Kolmogo-
rov–Smirnov tests showed that the measured variables were
nonnormally distributed. Wilcoxon signed rank tests were
performed to test whether measured differences arose from a
continuous, symmetric distribution with zero median. A level
of significance was set at α=0.05.

Results

Three-dimensional acetabular cup and femoral orientations

Median acetabular anatomical anteversion and inclination
were 20.4° (SD=5.7, range 9.2° 29.4°) and 52.3° (SD=2.7,
range 48.4° 57.6°) for native hips and 37.3° (SD=21.0, range
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−10.1° to 58.7°) and 40.0° (SD=6.7, range 34.0° to 56.8°) for
THAs, respectively (Fig. 3). Cup anteversion of THA was
significantly increased by 12.3°±18.3° (Fig. 3, p=0.049).
Significantly lower cup inclination by 10.2°±6.8° (p<0.001)

was found in THA relative to contralateral native hips
(Table 1). Femoral anteversion of the implanted side was
significantly increased by 11.4°±11.9° (Table 1, p=0.003).
Femoral-neck-shaft angle was increased by 1.0°±7.2°

Fig. 1 a Three-dimensional
models of the hip bone, femur,
acetabular cup and femoral stem
reconstructed from computed
tomography (CT) scan data. b
Models were split into implanted
and native groups. c The
contralateral native hip model was
mirrored with respect to the
sagittal plane. d The mirrored
hipbone and femur were then best
aligned with the implanted
hipbone and the remaining femur
of the implanted side

Fig. 2 a Origin of local pelvic
coordinate system located at the
midpoint of ASISs. The x axis is
perpendicular to the frontal pelvic
plane; x, y and z axes point
anteriorly, superiorly and to the
right. b Definitions of cup
inclination and true (anatomical)
anteversion. c Origin of femoral
coordinate system at the centre of
the femoral head. Yaxis is parallel
to the long axis of the best-fit
cylinder to the femoral shaft;
difference in femoral neck angles
was quantified. The red dashed
and yellow lines indicate the stem
and native femoral neck axis,
respectively. d X axis is
perpendicular to the plane formed
by the femoral long axis and
origin; difference in femoral
anteversion between implanted
and native hips was measured
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(Table 1, p=0.463). For overall effects of THA on hip geom-
etry, the combined anteversion was significantly increased by
23.5°±23.6° (Table 1, p=0.003). The combined abduction
was significantly increased by 9.2°±9.6° (Table 1, p=0.009).

Three-dimensional acetabular cup and femoral positions

No significant differences were found in changes in cup posi-
tion between THA and native hips (Table 2). Average cup
translations were < 2 mm, with differences ranging from −6
to 6 mm along all anatomical directions (Table 2). On the other
hand, femoral horizontal and vertical offsets were increased by
2.2±4.9 mm (range −4.8 to 15.1) and 4.2±5.1 mm (range −2.5
to 12.6) on average for THA (p=0.153; 0.025, Table 2). Con-
sidering the combined differences in cup and stem positions,
leg length of the THA side was significantly increased by 4.1±
4.7 mm (range −7.1 to 9.8, p=0.009,) on average (Table 2).

Discussion

Optimal component orientation [4], femoral offset [13] and
restoration of leg length [17] are factors associated with satis-
factory clinical outcomes in patients with THA. However,
commonly used measurements based on plain radiographs
and 2D CT slices reported in previous studies are affected by
hip rotation and pelvic tilt during imaging [18]. This study is
one of the first to quantify differences in orientations and
positions between implanted and nonimplanted hips of pa-
tients with unilateral THA using accurate and validated 3D
CT-based modeling techniques. The results demonstrate a
significant increase in combined hip anteversion and vertical
femoral offset of THAs compared with contralateral native

hips, suggesting that native hip biomechanical parameters of
orientations and positions are not fully restored following
THA.

This study used 3D CT-based modeling technique to re-
construct patient-specific bony models of the hip and built an
anatomical coordinate system of the hip using positions of
bony landmarks to consistently quantify differences in orien-
tations and positions between implanted and nonimplanted
hips of the same THA patient. Commonly reported measure-
ments using anteroposterior radiographs of the pelvis could
underestimate horizontal femoral offset [19]. Techniques
using 2D CT slices may be difficult in selecting appropriate
slice location and reproducible anatomical landmarks [18].
Furthermore, measuring component orientations and positions
using plain radiographs and 2D CT slices can be affected by
hip rotation and pelvic tilt while imaging [20]. The 3D CT
modeling and mirroring technique used in this study is not
affected by hip rotation and pelvic tilt during imaging.
Mirroring and surface registration techniques have the capac-
ity to quantify local differences between the geometry of two
sides while avoiding the potential effects of sacroiliac joint
motion and patient positions. Thus, the 3D CT modeling and
mirroring technique has the capacity to accurately evaluate
asymmetry between the two sides.

Reikeras and Gunderson [21] used 2D CT-slice-based
measurements to examine whether the components version
falls within their predefined “target zone” (femoral
anteversion of 10° 30°, acetabular anteversion of 10°–30°
and a global combined anteversion of 25° 55°) in a prospec-
tive study. Only 69 % of the of femoral components version,
58 % of the acetabular components version and 60 % of
combined components version were within the target zone,
but with a wide range of −18° to 101° in the combined
version. Recent studies compared the reported postoperative
femoral anteversion with the pre-operative values using 2D
CTslices [22] and amean difference of 8.1°±7.4° of increased
femoral anteversion (range −11° to 22°) after THA. Suh et al.
[23] also found that the femoral stem was placed in an in-
creased anteversion of 3.8°±2.6° using 2D CT slice-based
measurements. In our study, THA had 12.3° (range −27.1°
to 34.4°) more cup anteversion and 11.4° (range −10.6° to
27°) more femoral anteversion. Changes in component orien-
tations showed similar trends as previous literatures However,
the relatively larger differences in this study may be due to the
effects of accuracy of different measurement techniques. This
study further revealed a 23.5° (range −25.7° to 55.9°) more
combined anteversion on average in THAs than the contralat-
eral native hips. As the change of combined anteversion is
directly associated with impingement-free range of motion,
the combined difference in orientations suggest that patients
would have to internally rotate the hip by 23.8° and adduct by
8.2° on average to offset the differences, which might increase
the probability of impingement.

Fig. 3 True cup anteversion and inclination of implanted (red closed
markers) and nonimplanted (blue open markers) hips. Measures of both
hips of the same patient are noted using markers in the same shape
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Silva et al. [24] reported an average of 1.0-mm cup
medialisation (range, 6.2 mm of medialisation to 5.5 mm of
lateralisation) using plain radiographs. In our study, a similar
amount, 1.0 mm, of medial translation on average (range, 3.8–
4.8 mm of lateralisation) was found in the THA cup. As for the
position of the femoral stem, Silva et al. [24] reported an average
increase of 5.2 mm (range, −4.7 to 19.8 mm) in femoral horizon-
tal offset following THA. Girard et al. [12] found an average
5.1 mm (range, −2.8 to 11.6 mm) increase following THA. This
is consistent with a similar increase in femoral horizontal offset

with a wide variation in THA found in our study, with an average
difference of 2.2 mm (range, −4.8 to 15.1 mm) in femoral
horizontal offset. Girard et al. [12] found a 2.6-mm increase in
leg length followingTHA; Silva et al. [24] found a 5-mm increase
on average, with a maximum of 12 mm. Results of this study
showed that the average leg lengtheningwas 4.1±4.7mm (range,
−7.1 to 9.8) in the THA side. Due to the use of 3D CT modeling
and mirroring, this study further quantified the location of length-
ening with −0.2 mm (range, −4.6 to 4.1) vertical elevation of the
cup and 4.2 mm (range, −2.5 to 12.6 mm) femoral component on

Table 1 Differences in acetabular cup orientation, femoral stem orienta-
tion and combined hip orientation in implanted hips with respect to native
hips on the ten unilateral total hip arthroplasty (THA). Median, average

(Avg) and standard deviation (SD) were calculated. Scratches under each
column show the effects of positive and negative deviations

* Statistically significant
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average. Thus, the significant leg lengthening in THAs could be
attributed to the significant increase in femoral vertical offset.

The results of our study need to be interpreted in light of
several limitations. Firstly, we only investigated patients using a
single THA system. The uncemented femoral implants in this
study tend to follow the normal anatomy of the proximal femur,
limiting adjustability over stem orientation [25]. Secondly, the
intended component positions of individual patients might be
different. However, in all cases, the surgeon’s intended position
would be within the “safe zone”, as this is an important surgical
goal of THA. Furthermore, there was no case of abnormal bone
anatomy, such as hip dysplasia, which would significantly alter

the intended position due to acetabular or femoral bone mor-
phology or bone stock. Thirdly, surface models of the hip were
constructed while patients were scanned in the supine position.
The static posture of the pelvis might be different from the
standing position due to motion of the sacroiliac joint in re-
sponse to gravity and might slightly affect the orientation of the
pelvic coordinate system. However, since we considered the hip
bone independently, data are not affected by patient positions.
Finally, there was a relative small number of patients in this
study due to radiation exposure concerns with CT. Despite this,
statistically significant differences in combined anteversion and
femoral vertical offset were observed.

Table 2 Differences in acetabular cup, femoral stem and combined hip
positions in implanted hips with respect to native hips on the ten unilateral
total hip arthroplasty (THA) patients. Median, average (Avg) and

standard deviation (SD) were calculated. Scratches under each column
showed the effects of positive and negative deviations

A/P anterior/posterior, M/L medial/lateral, S/I superior/inferior

* Statistically significant
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In conclusion, this is the first reported study using 3D CT
modeling and mirroring technique to evaluate whether THA
restored the 3D native anatomy by quantifying THA differ-
ences in positions and orientations with respect to the contra-
lateral hip in unilateral THA patients. The study demonstrated
that combined hip anteversion significantly increased, up to
23.3° (23.6°), in THA. The significant leg lengthening in
THA mainly came from changes in vertical offset of the
femoral component. These data suggest that native hip bio-
mechanical parameters of orientation and position are not
fully restored following THA. Further studies are required to
investigate the correlation between restoration of hip biome-
chanical geometry and in vivo functional kinematic outcomes
in THA patients.

Conflict of interest disclosure None.
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