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Limited range of motion of hip resurfacing
arthroplasty due to unfavorable ratio of prosthetic
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Background and purpose Hip resurfacing arthroplasty
is being used more and more frequently. The small
ratio in size between the resurfaced femoral head and
the relatively thick femoral neck raises the question of
whether the range of motion is sufficient, particularly
with regard to the high mobility required by younger
patients. We analyzed motion in a CAD model.

Methods  Three-dimensional CAD models of the
natural hip were created from CT scans and 8 designs
of hip resurfacing prostheses (head diameter between
42 mm and 54 mm combined with a hemispherical cup)
were implanted in a virtual sense. We simulated 3 differ-
ent leg positions and the range of motion was evaluated,
considering five different implant positions.

Results The range of motion of the hip resurfacing
designs analyzed was far below the range of motion of
stemmed total hip prostheses. None of the resurfacing
prostheses provided flexion movements of 90° with-
out impingement. The average range of motion of hip
resurfacing arthroplasty was 31-48° below the range of
motion of a stemmed total hip replacement with 32-mm
head diameter.

Interpretation The range of motion of the hip resur-
facing designs examined was substantially less than that
of a conventional total hip prosthesis. Since impinge-
ment of the femoral neck on the acetabular component
increases the risk of neck fractures, of dislocation and
of subsequent implant loosening, the design and posi-
tion of the implant should be considered before using
hip resurfacing arthroplasty as a standard treatment for
younger patients.

Since advanced manufacturing processes have
enabled a lower wear rate in metal-on-metal pros-
theses, the number of hip resurfacing arthroplasties
has increased (Beaule et al. 2006, Silva et al. 2004).
However, some surgeons are opposed to hip resur-
facing due to the high rate of femoral neck frac-
tures (Mont et al. 2006, Rubash 2007), increased
release of metal ions (Witzleb et al. 2006), and
greater surgical exposure than standard total hip
arthroplasty (THA). This, combined with the steep
learning curve, is considered to be disadvanta-
geous for patients (Rubash 2007). Other surgeons
who approve of hip resurfacing point out that there
is conservation of femoral bone stock (Amstutz et
al. 2006), a low wear rate (Schmalzried 2007), and
the possibility to exchange hip resurfacing with
a stemmed standard prosthesis with less sacrifice
of bone stock compared to the revision of a con-
ventional THA (Amstutz et al. 2007, Schmalzried
2007). The minimal bone loss and the good revi-
sion options appear to be indications for consider-
ation of hip resurfacing arthroplasty, especially in
younger patients with osteoarthritis of the hip.
Younger patients are more active and demand
higher mobility, which raises the question of
whether hip resurfacing enables an adequate range
of motion (ROM) of the artificial joint. A series of
experimental (Bader et al. 2004a, b), computational
(Bader et al. 2002), and finite-element (Scifert et
al. 2001, Nadzadi et al. 2003, Stewart et al. 2004,
Kluess et al. 2007a, b) studies on the ROM of stan-
dard THR systems have led to the conclusion that
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dislocation and impingement of the femoral neck
are caused by implant design and implant position-
ing. One main finding regarding the influence of
implant design was that a large prosthetic head
combined with a small neck diameter enables the
maximum ROM before impingement and gives the
highest dislocation stability (Bader et al. 2004b).
Finite-element analyses of standard prostheses
have shown that impingement of the prosthetic
neck on the rim of the cup causes high stresses that
can lead to plastic deformation of polyethylene and
metallic components as well as brittle fracture of
ceramic implants (Kluess et al. 2007b). Besides
impingement, a low ROM can lead to subluxation,
which is associated with increased contact pres-
sures—and consequently to a higher wear rate and
early failure. Early impingement of standard THRs
can lead to total dislocation of the hip, which is the
second most frequent complication of hip replace-
ment (Robbins et al. 2001). In hip resurfacing
arthroplasty, impingement is associated with com-
plications such as neck fractures and subluxation
(Rudert et al. 2007).

We have not been able to find any experimen-
tal or finite-element studies concerning the ROM
and impingement behavior of hip resurfacing
arthroplasty. In hip resurfacing arthroplasty, it
is unclear whether the relatively thick neck of
the femur in combination with a prosthetic head
diameter smaller than the anatomical femoral head
diameter provokes early impingement. We present
a computational study concerning the ROM of dif-
ferent designs of hip resurfacing arthroplasty. The
results are compared to the ROM of a conventional
stemmed prosthesis with a 32-mm head.

Method

Using a three-dimensional computer-aided-design
(CAD) system, the ROM of hip resurfacing artho-
plasty was analyzed with regard to head size, cup
geometry, and implant positioning. The analy-
sis was performed simulating three different leg
maneuvers: (1) maximum flexion, (2) maximum
internal rotation at 90° flexion, and (3) maximum
external rotation at 15° adduction and 10° exten-
sion. The two latter maneuvers are clinically related
to prosthetic impingement and total hip dislocation
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Figure 1. Design features of the hip resurfacing implants
analyzed.

(Kummer et al. 1999). Hip resurfacing head sizes
of 42 mm, 48 mm, 50 mm, and 54 mm were ana-
lyzed. The design of the implant components was
assessed according to the geometric dimensions
(Figure 1).

Head coverage was varied with angles of ¢ =
180° and ¢ = 165° of the acetabular component for
all head sizes. The femoral component was adapted
to the anatomical neck diameter D . ,, depending
on the height, a, of the spherical cut. The height of
the spherical cut is the distance between the center
of rotation of the implant and the distal opening of
the femoral component. The outer diameter of the
acetabular component DCup was 6 mm larger than
its inner diameter, resulting in a wall thickness of
3 mm. The radius r of the internal rounding of the
acetabular component was 1 mm. The design fea-
tures of the 8 computer-generated models of hip
resurfacing prostheses that were analyzed are sum-
marized in Table 1. The implant positions studied
were set according to Table 2, including positions
within the safe zone and also steep, retroverted,
and highly anteverted cup positions for analysis of
worst-case scenarios. The head was modelled with
0° anteversion in all simulations.

To create anatomically accurate CAD models
of the hip joint, computed-tomography (CT) scans
of 3 patients, which had been made for diagnostic
reasons apart from this study, were used. The CT
scans were chosen (1) according to the size of the
patient’s femoral head in order to gain optimum fit
of the hip resurfacing prosthesis, and (2) accord-
ing to the age of the patient in order to take into
account the fact that hip resurfacing is the pre-
ferred therapy for younger patients. The median
age of the patients chosen was 53 years. The bony
structures in the CT scans were segmented using
AMIRA software (Mercury Computer Systems,
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Table 1. Variations in hip resurfacing design features, pre- and postoperative head-neck ratio, and postoperative

femoral offset

Head Cup Implant Patient’s Femoral offset
Diead @ Dreck  Beup [ head-neck ratio anatomical normal  vertical
(mm) (mm) (mm)  (mm) head-neck ratio (mm) (mm)
1 42 8 34.5 48 180° _ _
5 4 8 345 48 165° 42.0/34.5=1.217 43.4/34.5=1.258 31.0 1.0
R B SO 180°  480/39.2=1.224
4 48 10 39.2 54 165°
50.6 /39.2 = 1.291 42.3 0.5
5 50 10 41.4 56 180° 50.0/41.4 = 1.207
6 50 10 41.4 56 165° ' T
7 54 12 43.8 60 180° _ _ _
8 54 12 438 60 165° 54.0/43.8=1.233 56.0/43.8 =1.279 53.5 2.0

Chelmsford, MA). After the bony structures were
marked in all slices of the CT scans, a three-dimen-
sional reconstruction of the femur and the pelvis
was performed, creating triangulated surfaces. To
achieve a better performance of the CAD simula-
tion, the triangulated surfaces of the femur and the
pelvis were converted to NURBS (non-uniform
rational B-spline surfaces) using the software Geo-
magic Studio (Raindrop Geomagic, Research Tri-
angle Park, NC). The virtual implantation of the
hip resurfacing and analysis of the ROM were per-
formed using the CAD software Pro/ENGINEER
(Parametric Technology Corporation, Needham,
MA). The pelvis and the femur were oriented in a
Cartesian coordinate system with the x-axis con-
necting the right and left spinae iliacae anterior
superior (SIAS), the z-axis touching the pubic
symphysis and pointing cranially, and the origin
located in the sagittal plane between the SIAS. A
sphere was fitted onto the femoral head in order to
determine the center of rotation of the hip joint and
the patient’s anatomical head diameter. In addi-
tion, the minimum circular cross section around
the femoral neck without contact with the cortical
bone was approximated in order to achieve an opti-
mum fit of the resurfacing prostheses with mini-
mum lesion of the cortical bone. Based on these
results, the patient’s anatomical head-neck ratios
were recorded (Table 1).

Afterwards, the origin of the Cartesian coordi-
nate system was translated into the center of rota-
tion of the hip. The femoral component of the hip
resurfacing was modeled according to the design
features already mentioned and was then placed
in the appropriate position, maintaining the physi-

Table 2. Implant positions analyzed

Cup Head
Inclination  Anteversion CCD angle  Anteversion
1 45° -15° 135° 0°
2 45° 0° 135° 0°
3 45° +15° 135° 0°
4  60° -15° 135° 0°
5 60° +30° 135° 0°

ological center of the hip joint. The femur was
resected using a Boolean operation, with the femo-
ral component placed at the center of rotation in a
CCD (caput-collum-diaphysis) angle of 135°. The
femoral offset (the normal distance between the
diaphyseal axis and the center of the hip joint) and
the vertical offset (the vertical distance between
the tip of the greater trochanter and the center of
the hip joint) were measured (Table 1). The acetab-
ular component was rotated around the appropriate
angles of inclination and anteversion (Table 2), and
the femur together with the femoral component was
moved to the starting position of the leg maneuver
to be analyzed. Subsequently, the maneuvers were
carried out until prosthetic or bony impingement
occurred and the maximum ROM was recorded.
The CAD model of the 48-mm hip resurfacing
prosthesis and the surrounding bone in the start-
ing position and in the end position of flexion is
shown in Figure 2. The resurfacing prostheses with
48 mm and 50 mm were both simulated in the hip
joint of the same patient to analyze the effect of
choosing one size larger than the best-fit size for
operation.
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Figure 2. Anterolateral view of the CAD model of a 48-mm hip resurfacing
implant with 165° head coverage in situ, with a cup position of 45° inclina-
tion and 15° anteversion. Left: starting position for flexion movement with a
straight leg. Right: end position with an anterior impingement of femoral neck

at the acetabular component (flexion angle: 77°).

In order to compare the results to those of a
standard THR, the same maneuvers were per-
formed using a model of a 32-mm head diameter
endoprosthesis from a previous study (Kluess et
al. 2007b). The standard THR consisted of a hemi-
spherical cup with 180° head coverage, a spherical

head with no skirt and no addi-
tional offset, and a 14-mm pros-
thetic neck. The stem was simu-
lated in 0° version. The standard
THR and the resurfacing prosthe-
sis with a head diameter of 48 mm
were analyzed using morphologi-
cal data from the same patient.

Results

After virtual implantation of the
implant components, the average
anatomical head-neck ratio was
reduced by 5%. The femoral offset
rose with the patient’s femoral
head size. The diagrams in Figure
3 give an overview of maximum
ROM for flexion, maximum ROM
for internal rotation at 90° flexion, and maximum
ROM for external rotation at 15° adduction and
10° extension, all with a cup position of 45° incli-
nation and 15° anteversion. This case represents a
recommended implant position (Bader et al. 2002)
within the safe zone (Lewinnek et al. 1978). None
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Figure 3. Overview of range of motion of all implant designs analyzed in 45° inclination and 15° anteversion of the cup.
Left: maximum flexion. Middle: maximum internal rotation at 90° flexion, starting from 40° external rotation. Right: maxi-
mum external rotation in 15° adduction and 10° extension (b.i.: bony impingement). The dashed line marks physiological
ROM (Genoud et al. 2000, Tannast et al. 2007).
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Table 3. Maximum flexion angles of all implant designs analyzed in all

implant positions simulated

For the reasons already men-
tioned, the results for internal
rotation in 90° of flexion were

Implant design

Head size ¢ 45°,-15°  45°0°

Cup position (inclination; anteversion)
45°% +15° 60° —-15° 60° +30°

limited to a few implant posi-
tions. The cases in which it was

42 mm 180° 35° 50° 64°
42 mm 165° 47° 63° 77°
48 mm 180° 36° 51° 65°
48 mm 165° 49° 64° 78°
50 mm 180° 36° 52° 65°
50 mm 165° 50° 65° 75°
54 mm 180° 42° 58° 71°
54 mm 165° 45° 62° 74°
32 mm CSP2 81° 97° 110°

30° 920 not possible to achieve a flex-
49° 107° ion angle of 90°, even with a
2;: 18‘;: highly externally rotated femur,
33° 94° are marked in Table 4. Internal
47° 109° rotation in 90° flexion of the hip
22: 12;: resurfacing implants with 180°
89° 143° head coverage was 40° lower on

2 conventional stemmed prosthesis.

Table 4. Maximum ROM for internal rotation at 90° flexion of all implant

designs analyzed in all implant positions simulated

average than conventional THR.
The ROM of hip resurfacing
implants with 165° head cover-
age was about 31° lower.

With external rotation in
15° adduction and 10° exten-

Implant design

Head size ¢ 45°,—-15°  45°;0°

Cup position (inclination; anteversion)
45°% +15° 60° —-15° 60° +30°

sion, some simulations revealed
bony impingement between the
greater trochanter and the os

42 mm 180° = = —28°
42 mm 165° = -32° -12°
48 mm 180° = = —38°
48 mm 165° = = -14°
50 mm 180° = = —23°
50 mm 165° = -12° -14°
54 mm 180° = = —21°
54 mm 165° = = -18°
32 mmCSP2 -12° 7° 18°

20 ischii (Table 5). The ROM until
15° bony impingement rose with
13: head size. When bony impinge-

4° ment occurred, the simulation
1;2 was carried on to investigate

the theoretical ROM until the
neck impinged on the rim of

— no internal rotation movement possible
a conventional stemmed prosthesis.

of the hip resurfacing implants analyzed allowed a
flexion movement of 90°, which is why the second
maneuver, internal rotation at 90° flexion, had to be
carried out from a negative rotation angle in order
to make comparison possible.

The results for maximum flexion for all implant
designs studied in all implant positions analyzed
are summarized in Table 3. In all cases, the ROM
of the hip resurfacing prostheses was far below the
ROM of the conventional stemmed endoprosthesis
with a 32-mm head. The flexion ROM of the hip
resurfacing prostheses with 180° of head coverage
was 48° lower on average than that of the conven-
tional endoprosthesis. Reducing the head coverage
to 165° resulted in a higher flexion ROM, but the
average values were still 37° below those of the
conventional prosthesis.

the cup. Except for a few cases
with anteverted cups, the theo-
retical ROM of the conventional
prosthesis was above the ROM
until bony impingement (Table 5). In contrast, the
ROM of the hip resurfacing implants was consider-
ably lower, which is why prosthetic impingement
occurred before bony impingement in many cases.
The analyses of the 50-mm head diameter resur-
facing prosthesis was conducted to determine
whether a higher ROM can be achieved with an
implant of one size larger than the best-fitting one.
As shown in Tables 3-5, there was a minor increase
in ROM (1.2° on average) using a larger implant
with morphological data from the same patient.

Discussion

We found a substantial decrease in ROM with hip
resurfacing prostheses compared to conventional
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Table 5. Maximum ROM for external rotation at 15° adduction and 10° extension for all implant
designs analyzed in all implant positions simulated. Where bony impingement occurred before pros-
thetic impingement, the theoretical values for prosthetic impingement are shown in parentheses

Implant design

Cup position (inclination; anteversion)

Head size ¢ 45°;,—15°  45°;0° 45°;, +15° 60°;,—15° 60°; +30° Bony impingement

42mm  180°  (63°) (45°) (38°)
42mm  165°  (76°) (63°) (48°)
48mm  180°  (49°) 35° 22°
48mm  165° (659 (50°) a7e
50mm  180°  (50°) 37° 24°
50mm  165°  (61°) (45°) 33°
54mm  180°  (51°) 37° 23°
54mm  165°  (57°) 440 30°
32 mm CSP 2 (91°) (91°) (86°)

(54°) 11° 37°
(66°) 23° 37°
38° -10° a2°
(53°) 5° 42°
40° 52 a2°
(51°) 5° 42°
33° = 46°
(48°) 1° 46°
(82°) 36° a2°

2 conventional stemmed prosthesis.

stemmed total hip prostheses. The large diameter
of the neck of the femur led to early impingement
in all maneuvers analyzed. Simulation of hip resur-
facing arthroplasty resulted in a decrease in head-
neck ratio of 5% compared to the natural hip joint.
In addition, in the natural hip joint the large diam-
eter of the neck does not limit the ROM at such
a high level due to the specific geometry of the
natural acetabulum, where the rim of the acetabu-
lum is partially cut out to enable more movement
before impingement. In hip resurfacing, the thick-
ness of the wall of the acetabular component limits
the head size. Moreover, the neck diameter should
not be reduced surgically since a lesion of the sup-
porting cortical bone increases the risk of fracture
(Amstutz et al. 2004b, Rudert et al. 2007).

We chose the geometry of the implant designs
to be analyzed such that a minimum possible
neck diameter without cortical lesions would be
achieved. The height of the spherical cut (mea-
surement a) was set depending on the head size.
While the smallest head diameter of 42 mm had
the spherical cut 8 mm away from the center of
rotation, the largest head was cut at 12 mm. Since
the height of the spherical cut determined the neck
diameter, there was no increase in ROM with
larger heads. Enlargement of the head diameter
by 2 mm resulted in a minor increase in ROM of
1.2°. Recent studies (Bader et al. 2004b, Crownin-
shield et al. 2004, Kluess et al. 2007b) have shown
that larger heads provide a higher ROM, but only
with an identical neck diameter. In hip resurfac-
ing arthroplasty, the neck diameter must normally

increase with the head size if the aim is to conserve
acetabular bone.

It has been shown that over the years hip
resurfacing, the neck diameter decreases due to
mechanically optimized bone remodeling of the
femur (Lilikakis et al. 2005). A reduced neck diam-
eter could lead to higher ROM. However, within
the first few months postoperatively soft tissue
and bony impingement can occur. Surgical factors
influencing joint instability include femoral offset,
anteversion, and the location of the center of the hip
joint. We found that patients with a higher femoral
offset had increased ROM before bony impinge-
ment occurred (Table 5). In addition to patient-spe-
cific and surgical factors, implant-related factors
contribute to the functional outcome. With the hip
resurfacing designs studied here, the patient would
not achieve flexion movements of 90° without
impingement, and furthermore no internal rotation
at 90° flexion, particularly in the case of flat or ret-
roverted cup positions. The large head diameters
of hip resurfacing prostheses provide joint sta-
bility (Shimmin et al. 2005). Compared to THA,
the dislocation rate of hip resurfacing prostheses
is reported to be very low (Amstutz et al. 2004a,
Duijsens et al. 2005, Shimmin et al. 2005). The
stresses appearing at the impingement site can,
however, lead to further complications (Rudert
et al. 2007), which include damage to the bone,
fracture of the femoral neck, and implant loosen-
ing. Also, subluxation caused by impingement can
damage the bearing surfaces and initiate high wear
rates (Kluess et al. 2007b).
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We believe that our findings should be carefully
considered before hip resurfacing arthroplasty is
adopted as a standard procedure in young patients.
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