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Purpose

To evaluate the influence of stem offset and neck shaft angles
on the range of motion before component impingement
(ROMCI) and bony impingement (ROMBI), and the types
of impingement in total hip arthroplasty (THA).

Methods

Using the computed tomography data of 101 patients who
underwent THA, three-dimensional dynamic motion analysis
was performed using a modular implant (Kinectiv(g stem) that
enabled adjustment of offset and leg length independently. We
defined offset as horizontal offset (HO) and leg length as ver-
tical offset (VO), and measured the ROMCI and ROMBI in
flexion (Flex), internal rotation (Int-R) and external rotation
(Ext-R) with the configuration of each horizontal/vertical
offset.

Results

We found that HO lengthening increased the ROMCI and
ROMBI in Flex and Int-R by delaying bony impingement,
although excessive lengthening had minimal effect. On the
contrary, VO lengthening decreased the ROMCI and
ROMBI in Flex and ROMCI in Int-R. As for Ext-R, VO
lengthening had positive effects on the ROMCI and
ROMBI, whereas lengthening of HO had negative effects on
the ROMCI and ROMBI.
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Conclusions

We demonstrated that the appropriate long offset with a low
shaft angle increased the ROM in Flex and Int-R, and a high
neck shaft angle increased the ROM in Ext-R. We should use
implants properly in accordance with the types of impinge-
ment for avoiding dislocations in THA.
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analysis - Offset - Neck shaft angle - Impingement -
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Introduction

Total hip arthroplasty (THA) has been the most popular treat-
ment procedure for patients with severe osteoarthritis of the
hip joint. However, there are several complications in THA,
and dislocation is one of the most serious complications for
patients. It has continued to be a frequent complication over
the past several years and the incidence after primary THA is
reported as between 1.7 and 4% [1-3]. Bartz et al. [4] reported
three different mechanisms of dislocation: (1) impingement of
the prosthetic femoral neck on the cup liner (implant impinge-
ment), (2) impingement of the osseous femur on the osseous
pelvis (bony impingement), and (3) spontaneous dislocation.
Many authors have reported that dislocation occurs mainly by
implant impingement and bony impingement [4—6].

The factors that are associated with increased risk of dislo-
cation include surgical approach, status of the soft tissues, and
implant orientation and alignment. Other factors which influ-
ence dislocation include the implant design, the choice of neck
shaft angle and stem offset [7-9]. Recently, a lot of implants
have become available from several manufacturers, thus
allowing surgeons the choice of a greater variety of femoral
implants with different neck-shaft angles and offsets so that an
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adequate range of motion (ROM) and soft-tissue tension can
be achieved. Several previous clinical reports have shown that
increasing the femoral offset has the benefits of an increased
ROM, better mechanical advantage for the abductor and de-
creased instability [10, 11]. Therefore, surgeons should be
familiar with the effects of increasing or decreasing the offset
and neck shaft angles on hip ROM, although the magnitudes
of the contributions of these factors to implant/bony impinge-
ment, both singly and in combination, are not fully known.

Nowadays, preoperative planning is often performed for
THA and computed simulation analysis is often used by many
investigators to predict optimal implant orientations and to
analyze the ROM in THA [12-15]. The purpose of this study
is to evaluate the influence of the stem offset and neck shaft
angles on the types of impingement and ROM before
bony/implant impingement after THA using computed to-
mography (CT)-based three-dimensional (3D) dynamic mo-
tion analysis.

The modular femoral stem system

To evaluate the influences of the stem offset and neck shaft
angles on hip ROM after THA, we used the Zimmer M/L
Taper Hip Prosthesis with Kinectiv" Technology (Zimmer,
Warsaw, IN, USA) that would allow us to manipulate the
femoral offset and leg length independently (Fig. 1a). This
modular system consists of three components: a femoral head,
femoral neck, and femoral stem. We used two definitions:
horizontal offset (HO) and vertical offset (VO) (Fig. 1b).
There are three neck variables that can be adjusted indepen-
dently: HO, leg length (VO) and version. There are up to five
HO and VO options in 4-mm increments, and the system has
20 neck options in horizontal/vertical offset combinations in
total. Each neck option can be coupled with a different head
option (e.g., a 28-mm, a 32-mm, and a 36-mm diameter head).
To evaluate the influences of increased HO and VO on hip
ROM, five necks were used in this study; standard offset, +
4 mm and +8 mm in vertical and horizontal offset with stan-
dard neck version, respectively (Fig. 1b). The neck-shaft angle
is altered; increasing HO while maintaining the same VO
decreases the neck-shaft angle, and increasing VO while
maintaining the same HO increases the neck-shaft angle

(Fig. 1c).

Materials and methods

Patients

This study comprised a total of 101 Japanese patients (101
hips) who underwent THA, including 30 men and 71 women

with the mean age of 63.5 years (range, 54-87 years). The hip
diagnoses were osteoarthritis in 79 joints and osteonecrosis of
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the femoral head in 22 joints. We excluded patients who had a
severely dislocated hip, or who had undergone previous sur-
gery or a post-osteotomy from the present study. A subset of
patients with complete implant data was reviewed for sizing.
All patients had a preoperative CT scan of their hip joint, from
the anterior superior iliac spine (ASIS) to the knee joint
through the distal femoral condyles using a 320-row multide-
tector helical CT scanner (Aquilion ONE; Toshiba Medical
Healthcare, Tochigi, Japan) (detector configuration, 80%0.5;
beam collimation, 40 mm) with a reconstructed slice width of
1.00 mm and a slice interval of 1.00 mm. The CT data were
transferred to the planning module. Ethics approval was
granted by the Institutional Review Board.

Three-dimensional motion analysis

CT-based simulation software (ZedHip Lexi, Tokyo, Japan)
[15] was used to create virtual 3D bone models and perform
virtual simulations of the femoral cut and component setting,
using the preoperative THA planning mode. This software
allows for the generation and separation of independent fem-
oral and acetabular 3D models.

Based on CT scans of pelvis and femur, the reference
points were firstly digitized, then a 3D reconstruction of
the bone model was made semi-automatically. If there
was noise, they were revised manually (Fig. 2). Next,
the size of the components and their 3D orientation
relative to the host bones were planned and implantation
was performed in a multiplanar reconstructed (MPR)
view. This software allows the simulation and calcula-
tion of the ROM until contact occurs between bones
and components. It also visualizes the site of impinge-
ment in 3D axial/sagittal/coronal views of MPR images.
The pelvic coordinate system was the functional pelvic
plane and the femoral coordinate system was defined by
the center of the femoral head, the knee center, and
both femoral condyles.

The simulated implant was the Kinectiv" femoral stem
with a 32-mm-diameter alumina head in all cases. The appro-
priate size of femoral stem was selected for each femur to
maximize both fit and fill in the femoral metaphysis under
the consideration of stem size used in the actual procedure.
The center of the femoral component was placed in the center
of the native femoral diaphysis. The acetabular side had a
Trilogy® Acetabular Hip System with a PE liner without mar-
ginal lips in all cases. The acetabular component size was also
selected to maximize fit in the acetabulum under the consid-
eration of component size used in the actual procedure. The
acetabular component position was determined to place the
implant at the site of the normal acetabulum. The anteversion
of the femoral implant was set at 25°, cup anteversion 20°
(total anteversion was fixed) and cup abduction 45° in a ra-
diographic manner.
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Fig.1 aKinectiv® femoral stem. b We evaluated ROM using five necks:
standard offset (0 mm); ¢ +4 mm HO (point ¢ means neck length is
horizontally extended by 4 mm while maintaining the same VO), b +
8 mm HO; ¢ +4 mm VO (point ¢ means neck length is vertically extended

Calculation of the ROM and impingement location

The center of the femoral head is located by fitting a sphere to
the articular surface of the femoral head. The pelvis was fixed
in space, while the femur was free to translate in all directions
but constrained to rotate around the center of rotation of the
hip. The computer software was capable of detecting bone to
bone, bone to implant and implant impingement, which
allowed the maximum ROM to be defined as the degrees of
movement before impingement of either bone or implant oc-
curred. We defined the ROM before component impingement
as ROMCI and the ROM before bony impingement as
ROMBI, and measured ROMCI and ROMBI in each
horizontal/vertical offset. The location of this impingement

Y

1
H
1

by 4 mm while maintaining the same HO); d +8 mm VO. ¢ The red arrow
indicates the neck-shaft angle increases from 128 to 138° by decreasing
HO and increasing VO

on both the femoral and acetabular side, as well as the position
of the femur in space relative to the fixed pelvis, can be also
defined in the model. Based on this computerized analysis, the
ROM was measured in those directions that are important for
dislocation and activities of daily living (ADL): flexion with
0° of adduction (Flex), internal rotation in 90° of flexion with
0° of adduction (Int-R) and external rotation in 0° of flexion
with 0° of adduction (Ext-R).

Evaluation design
To evaluate the influences of the stem offset and neck shaft

angles on the ROMCI and ROMBI, the ROMCI and ROMBI
were compared in each horizontal/vertical offset.

Fig. 2 Three-dimensional reconstruction of the bone model. a A red circle indicates ‘noise’ in the 3D reconstruction model. b Three-dimensional

reconstruction model after the resection of ‘noise’
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Statistical analysis

All data were expressed as mean+standard deviation (SD) and
statistical analysis was performed using Stat-View-J version
5.0 software (Hulinks, Tokyo, Japan). The correlations were
evaluated using Pearson’s chi-squared test. A P value of less
than 0.001 was considered statistically significant.

Results

In this section, we summarized the data of types of impinge-
ment and each ROM in Table 1. Flex

In Flex, impingement occurred in three ways: bone to bone
impingement (bony impingement) (the anterior great trochan-
teric region of the femur or femoral bony neck impinges on the
anteroinferior edge of anterior inferior iliac spine [AIIS]);
stem neck impinges on the edge of acetabular component
(implant impingement); the femoral shaft impinges on the
anterior aspect of anterior superior iliac spine (ASIS). In stan-
dard offset, bony impingement often preceded implant im-
pingement in many cases. However implant impingement pre-
ceded bony impingement as VO increased (Table 1).
Overall, the mean total ROM of Flex was 111+11.1° in
standard offset, 119+11.6° in +4 mm HO, 126+£11.4° in +
8 mm HO, 108+8.2° in +4 mm VO, and 104+11.3° in +
8 mm VO. The hip ROM of flex increased statistically signif-
icantly as the HO increased (Fig. 3a). Furthermore, the ROM
of Flex increased by 8.4+3.8° with +4 mm HO and increased
by 6.8+£3.3° with +8 mm HO, with significant differences
between them (Fig. 3b). On the other hand, the mean ROM

of Flex decreased inversely proportional to the VO length with
statistical significance (Fig. 3a). However, the decreased angle
was 2.8+5.2° between standard and +4 mm VO, and 2.9+4 .4°
between +4 mm VO and +8 mm VO, with no significant
differences (Fig. 3b). As for the ROMBI and ROMCI, the
former was smaller than the latter in all cases, which indicates
that bony impingement caused a more limited ROM than im-
plant impingement in Flex. Both the ROMCI and ROMBI
increased with statistical differences as the HO length in-
creased, whereas the ROMCI and ROMBI decreased with
statistical differences as the VO length increased. There were
significant differences between the ROMCI and ROMBI in
each length of HO and VO (Fig. 3c).

Int-R

In Int-R, impingement occurred in two ways: bony impinge-
ment (the anterior great trochanteric region of the femur or
femoral bony neck impinges on the anteroinferior edge of
AIIS) and implant impingement. In standard offset, bony im-
pingement preceded implant impingement in many cases.
However, implant impingement increased as the length of
VO and HO increased, and implant impingement occurred
more frequently as the VO increased compared with HO
(Table 1).

Overall, the mean total ROM in Int-R was 27.1+14.2° in
standard offset, 32.7+13.3° in +4 mm HO, 36.8+£12.4° in +
8 mm HO, 27.4+12.5° in +4 mm VO and 26.9+11.4° in +
8 mm VO (Table 1). The ROM significantly increased as the
HO increased (Fig. 4a). Furthermore, the increased angle was
5.6+£2.5° between standard and +4 mm HO, and 4.0+2.7°
between +4 mm HO and +8 mm HO, with significant

Table 1  The number of bony and implant impingement cases and average ROM of each parameter in each offset
Standard +4 mm HO +8 mm HO +4 mm VO +8 mm VO

Flex Bony impingement (cases) 66 56 42 52 36
ROMBI (°) 105.9+10.0 113.1£11.0 118.0+10.4 103.8+8.3 102.0+6.3
Implant impingement (cases) 34 32 30 47 64
ROMCI (°) 120.6+5.4 129.0+£6.3 1352+7.8 112.4+52 106.8+5.5
ASIS-shaft impingement Int-R 1 13 29 2 1

Int-R Bony impingement (cases) 72 72 66 65 57
ROMBI (°) 21.3+12.5 27.7+12.2 32.2+11.7 22.2+11.8 24.7+12.0
Implant impingement (cases) 29 29 35 36 44
ROMCI (°) 40.7+6.4 44.4+7.0 44.9+8.9 36.5+7.5 29.6+10.1

Ext-R Bony impingement (cases) 67 91 98 55 46
ROMBI (°) 54.9+8.9 48.6+6.1 43.3+4.9 59.0+£9.3 63.849.4
Implant impingement (cases) 34 10 3 46 55
ROMCI (°) 58.1+£7.3 50.8+6.5 45.1+6.1 66.6+9.1 73.2+10.8

Results are the mean+SD and the range

ASISanterior superior iliac spine, Ext-Rexternal rotation in 0° of flexion with 0° of adduction, Flexflexion with 0° of adduction, /nz-Rinternal rotation in
90° of flexion with 0° of adduction, ROMBIrange of motion before bony impingement, ROCIrange of motion before component impingement
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Fig.3 a The average ROM of Flex in each horizontal/vertical offset. The
black line indicates the ROM of Flex in each length of HO. The gray line
indicates the ROM of Flex in each length of VO. b. The increased angle
of Flex from standard neck to +4 mm length and from +4 mm length to +
8 mm in each horizontal/vertical offset; +4 mm means the each offset was
lengthen by 4 mm from standard neck, and +8 mm means the each offset

differences between them (Fig. 4b). On the other hand, the
mean ROM hardly changed, as the length of VO increased.
There were no significant differences between the ROM in
standard, +4 mm VO and +8 mm VO, respectively (Fig. 4a).
As for the ROMCI and ROMBI, both ROMCI and ROMBI
significantly increased as the length of HO increased, and the
ROMBI also increased as the length of VO increased, al-
though ROMBI improved more by increasing HO in compar-
ison with increasing VO. Furthermore, the increasing HO had
a positive effect on the ROMBI more greatly compared with
ROMCI. However, the ROMCI decreased with statistical dif-
ferences as the VO increased. There were significant differ-
ences between ROMCI and ROMBI of Int-R in each length of
HO and VO (Fig. 4c¢).

Ext-R

In Ext-R, impingement occurred in two ways: bony impinge-
ment (the lesser trochanter or femoral bony neck impinges on

+8mm

(neck length)

was lengthen from +4 mm neck to +8 mm neck. ¢. The ROMCI and
ROMBI in Flex with each horizontal/vertical offset. The black line
indicates the ROMCI in each length of HO. The gray line indicates the
ROMClT in each length of VO. The black dotted line indicates the ROMBI
in each length of HO and the gray dotted line indicates the ROMBI in
each length of VO (*P<0.0001)

ischial bone) and implant impingement. In standard offset,
bony impingement preceded implant impingement in many
cases. The number of bony impingement cases increased as
the length of HO increased, whereas the number of implant
impingement cases increased as the length of VO increased
(Table 1).

Overall, the mean total ROM in Ext-R was 57.1+8.0° in
standard, 50.5+6.5° in +4 mm HO, 45.1+6.0° in +8 mm HO,
63.1+£9.8° in +4 mm VO and 68.1£11.0° in +8 mm VO. The
total ROM decreased as the length of HO increased with sta-
tistical significance (Fig. 5a). The decreased angle was 5.6+
2.5° between standard and +4 mm HO, and 4.0+2.7° between
+4 mm HO and +8 mm HO, with significant differences be-
tween them (Fig. 5b). On the contrary, the mean ROM signif-
icantly increased, as the length of VO increased (Fig. 5a). The
increased angle was 5.9+6.8° between standard and +4 mm
VO, and 4.9+4.9° between +4 mm HO and +8 mm HO, with
significant differences between them (Fig. 5b). As for ROMBI
and ROMCI, both of them decreased with statistical
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Fig. 4 a The average ROM of Int-R in each horizontal/vertical offset.
The black line indicates the ROM of Int-R in each length of HO. The gray
line indicates the ROM of Int-R in each length of VO. b The increased
angle in Int-R from standard neck to +4 mm length and from +4 mm
length to +8 mm in each horizontal/vertical offset. ¢ The ROMCI and

differences as the length of HO increased, whereas the
ROMCT increased with statistical differences as the length of
VO increased (Fig. 5c). Furthermore, ROMBI was improved
more in comparison with ROMCI by increasing VO.

Discussion

Impingement is often the main etiology for post-THA insta-
bility. If a force is transmitted to push the femoral head out of
the cup, it would be inevitable to prevent the dislocation. Even
without dislocation, the patient may complain of clicking in
various daily of life, leading to anxiety and dissatisfaction.
Recent studies have shown several options to acquire a satis-
factory ROM. Widmar et al. [12] reported that a cup inclina-
tion between 40° and 42°, combined with a cup anteversion
between 23°and 28°, and the stem antetorsion determined
according to the formula, cup anteversion+0.7 x stem
antetorsion=37°, fulfilled the severe ROM conditions.
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ROMBI in Int-R with each horizontal/vertical offset. The black line
indicates the ROMCI in each length of HO. The gray line indicates the
ROMCl in each length of VO. The black dotted line indicates the ROMBI
in each length of HO and the gray dotted line indicates the ROMBI in
each length of VO (*P<0.0001)

Alternative bearings with femoral heads of larger diameter
have been also used with the aim of reducing both wear and
implant impingement [16, 17]. Crowinshield et al. [18] dem-
onstrated an almost linear increase in the prosthetic impinge-
ment free ROM with an increase in femoral head diameter
from 22 to 40 mm. However, once bony impingement be-
comes a main cause of impingement and restriction of hip
motion in THA, dislocation can occur even with optimally
positioned implants and large femoral head [6, 19, 20].

The characteristics of a prosthesis, such as implant design,
neck shaft angle and stem offset are also important factors for
joint stability after THA [7, 8, 21, 22]. An appropriate offset
and leg-length restoration are reported to be important factors
for improving the physical function and minimizing the risk of
dislocation [19, 23]. Several clinical reports have shown that
an increased femoral offset correlates with increased ROM by
delaying the effects of bony impingement [10, 22]. However,
the magnitudes of the contributions of the stem offset and neck
shaft angle on implant/bony impingement, both singly and in
combination is not yet fully understood, and less has been
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Fig.5 a The average ROM in Ext-R with each horizontal/vertical offset.
The black line indicates the ROM of Ext-R in each length of HO. The
gray line indicates the ROM of Ext-R in each length of VO. b The
increased angle in Ext-R from standard neck to +4 mm length and from
+4 mm length to +8 mm in each horizontal/vertical offset. ¢ The ROMCI

detailed the effect of lengthening of HO and VO on ROMCI,
ROMBI and the types of impingement.

Nowadays, preoperative planning can be executed with a
high degree of accuracy for THA and the optimal implant
orientation and impingement have been evaluated by many
investigators using computerized simulation analysis
[12—15]. It offers a template of information regarding the lo-
cation of the impingement region, providing feedback on the
anticipated improvement in motion in vivo.

In our study, the implant positions were set to be the same
in all cases for avoiding the impingement based on the ‘com-
bined anteversion concept’. Our results showed that the longer
the HO length, the more the ROMCI and ROMBI in Flex and
Int-R increased. Greater ROM was achieved with an 8-mm
femoral offset, although the effect of HO lengthening de-
creased especially in ROMCI of Int-R. With respect to Int-
R, the increasing HO had a positive effect on the ROMBI
more greatly compared with ROMCI. In a standard neck, the
location of initial contact in Flex and Int-R was at the greater
trochanteric region or femoral bony neck on the anteroinferior

and ROMBI of Ext-R in each horizontal/vertical offset. The black line
indicates the ROMCI in each length of HO. The gray line indicates the
ROMCl in each length of VO. The black dotted line indicates the ROMBI
in each length of HO and the gray dotted line indicates the ROMBI in
each length of VO (*P<0.0001)

aspect of AIIS in most of the cases, and the number of bony
impingement cases decreased as the length of HO became
longer. On the other hand, the longer the length of VO, the
more the ROMCI and ROMBI of Flex and the ROMCI of Int-
R decreased. These results indicate that an implant with low
neck shaft angle and high offset is effective for improving the
ROM in Flex and Int-R by delaying the bony impingement,
although excessive HO lengthening had minimal posi-
tive effects. However, implant with high neck shaft an-
gle has a negative effect on ROM in Flex and Int-R. As
for Ext-R, lengthening of the HO had a negative effect
on the ROMCI and ROMBI, and the effect of HO
lengthening also became small. On the contrary, length-
ening of VO had a positive effect on the ROMCI and
ROMBI of Ext-R, and the effect of lengthening of VO
from +4 to +8 mm was the same as that from standard
neck to +4 mm.

With respect to the location of initial contact in Ext-R, the
number of bony impingement cases decreased as the length of
VO became longer. These results indicate that implant with
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high neck shaft angle and low offset is effective for improving
the ROM by delaying bony impingement in Ext-R.

From the point of view for avoiding the anterior impinge-
ment, when implant impingement became the restricting fac-
tor of hip ROM, selection of the implant with a lower neck
shaft angle and high offset, increasing head diameter and/or
decreasing femoral anteversion may decrease the incidence of
dislocation by allowing increased ROMCI of Flex and Int-R.
On the other hand, when bony impingement became the
restricting factor of ROM, increasing head diameter had no
further effect on ROM, so the selection of the lower neck shaft
implant with high offset, increasing femoral anteversion [24]
and/or trimming of impingement site may increase the
ROMBI of Flex and Int-R.

However, some reports claim that a substantial number of
patients with a high offset femoral stem experienced either
trochanteric or gluteal pain [25], and bearing in mind that
the effect on ROM attenuates with excessive HO lengthening,
the latter should be avoided. On the other hand, when poste-
rior impingement became the restricting factor, using an im-
plant with a higher neck shaft angle and low offset and/or
decreasing femoral neck version may decrease the incidence
of dislocation by allowing increased ROMCI and ROMBI of
Ext-R. Whether implant or bony impingement can restrict
ROM after THA can be assumed to some extent by CT date
or simulation [24], we have to take these facts into consider-
ation and select the proper implant and offset before THA for
the case with easily impingement.

There were several limitations in our study. Firstly, in our
study the influence of the surrounding soft tissue was not
taken into account, which may have affected the actual hip
ROM. Appropriate soft-tissue tensioning is critical to achiev-
ing stability; however, such analysis is difficult to perform
experimentally. Secondly, only one prosthetic design was test-
ed, the absolute ROM values may not be applicable to other
designs, although the relative changes in ROM due to neck-
shaft angle and HO should be generally valid for other implant
geometries. Thirdly, we only analyzed the ROM until im-
pingement. Hip dislocation involves levering of the head out
of the socket after impingement, and a larger head size may
improve resistance to dislocation, even if the ROM until im-
pingement remains the same.

In summary, we demonstrated that the HO lengthening has
positive effects on the ROMCI and ROMBI of Flex and Int-R,
whereas the implant with high neck shaft angle is effective for
improving the ROM of Ext-R. Therefore, we should use the
proper implant and offset options in accordance with the types
of impingement in THA.
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