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Abstract
Purpose The purpose of this study was to determine if a new
titanium cup with increased porosity resulted in different
periacetabular bone loss and migration compared to a porous
coated cup.
Methods Fifty-one patients with primary hip osteoarthritis
were randomized to either a cup with porous titanium con-
struct backside (porous titanium group, n=25) or a conven-
tional porous coated titanium cup (control group, n=26). The
primary outcome variable was change in periacetabular bone
mineral density two years after surgery measured with dual
energy X-ray absorptiometry (DXA). Secondary outcomes
were implant fixation measured with radiostereometry
(RSA) and clinical outcome scores.
Results The pattern of bone remodelling was similar in the
two groups with almost complete restoration to baseline
values. BMD diminished in the two proximal zones and
increased in the two distal zones. After minimal migration
up to six months all implants in both groups became stable.
We found no difference between the two groups in clinical
outcome scores.
Conclusions In this prospective, randomized, controlled trial
on a new porous titanium cup we found, compared to the
control group, no clinically relevant differences regarding
periacetabular bone preservation, implant fixation or clinical
outcome up to two years postoperatively.
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Introduction

Periacetabular bone loss is an important factor influencing
long-term stability and survival of the acetabular implants in
total hip arthroplasty (THA) [1, 2]. Both periacetabular adap-
tive bone remodelling, known as stress shielding, and
osteolysis, due to wear debris, could negatively influence
periacetabular bone mass. By combining clinically-proven
titanium and a new three-dimensional (3D) porous construct
shell backside with an enhanced interconnecting pore struc-
ture implant, the manufacturers of this implant claim that they
can enhance osseointegration and reduce adaptive
periacetabular bone resorption [3]. No in-vivo results regard-
ing this on humans have been published. Design rationales for
the acetabular shell with the 3D porous titanium backside are
to increase friction, porosity and compressive strength. These
features are said to increase initial stability and to enhance
bone ingrowths into the titanium construct.

In this study, we compare a new acetabular implant with a
porous titanium backside to a clinically well-proven titanium
cup with a porous coated backside.

Patients and methods

Trial design

This was a prospective randomized controlled trial between
October 2009 and August 2013 at the Orthopaedic
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Department at Danderyd Hospital, in collaboration with the
Department of Clinical Sciences at Karolinska Institute in
Stockholm. The CONSORT statements were followed [4].
The design and performance of the clinical trial were ap-
proved by the local ethics committee and the local committee
for protection against radiation. The trial was initiated, de-
signed and performed as an academic investigation.

Participants

We recruited patients with primary osteoarthritis, 40–70 years
of age, scheduled for THA. We included patients with bone
stock suitable for uncemented cups, i.e., no large structural
defects in the acetabulum and a type A or B femur according
to the classification of Dorr et al. [5]. No previous hip surgery
on the affected side was allowed, along with no regular intake
of corticosteroids, bisphosphonates or cytostatic drugs six
months prior to surgery. A body mass index (BMI) above 35
was set as an exclusion criterion. All patients gave their oral
and written informed consent to participate in the study.

Implants and surgery

Patients in the porous titanium group received an ace-
tabular shell with a backside of a 3D porous titanium
(Regenerex™-shell, E1™-liner, Biomet, USA). The im-
plant has a 1.5-mm thick trabecular-like porous titanium
cons t ruc t backs ide sur face wi th an enhanced
interconnecting porosity of 67 % and a mean pore size
of 300 μm. The control group received a porous coated
titanium shell (Pinnacle™-shell, Marathon™-liner,
Depuy Johnson & Johnson, USA). This implant has a
porous coating of sintered titanium beads with a mean
pore size of 250 μm. Both liners were of highly cross-
linked polyethylene (HXLPE). On the femoral side, we
used a 32-mm cobalt-chrome head and matching
uncemented implants from either of the manufacturers
(Bimetric™, Biomet, USA and Proxima™, Depuy John-
son & Johnson, USA). Surgery was performed by five
senior surgeons using a posterolateral approach [6].
Local infiltration analgesia with ropivacaine, ketorolac
and epinephrine was administered perioperatively. Post-
operatively, crutches were used during the initial weeks
according to each patient's preference. Full weight-
bearing was allowed as tolerated. Rehabilitation was
supervised by a physiotherapist at the ward and there-
after in a day-clinic setting during the first few weeks.

Endpoints and evaluation

The primary endpoint was change in periacetabular bone
mineral density 24 months after surgery. The secondary
endpoints were cup migration and the functional clinical

result. Follow-up was performed continuously through
the study period at six weeks (RSA only) and at three,
six, 12 and 24 months postoperatively.

Bone densitometry analysis

Bone mineral density was measured in four zones defined by
Wilkinson et al. [7] and subsequently modified by Laursen
et al. [8] (Fig. 1). The change in bone mineral density in each
zone was calculated by dividing the bone mineral density
value from each examination by the baseline value measured
two days postoperatively. The ratio was expressed as a per-
centage of the baseline value. Each patient's individual regions
of interest (ROI) were saved and used for subsequent exam-
inations to reduce measurement errors.

After 12 months of follow-up, we performed duplicated
examinations with repositioning of the patient to calculate the
precision of the DXAmeasurements. Precision was calculated
as the coefficient of variation (CV) and was 2.9 %, 4.4 %,
5.6 % and 4.5 % in zones 1–4, respectively. We scanned the
lumbar spine and the opposite hip to collect each patient's pre-
operative general bone mass and classified it according to the
World Health Organization (WHO) osteoporosis classifica-
tion. After 24 months of follow-up, we re-scanned the lumbar
spine. By comparing these values, we calculated each patient's
loss in general bone mass over time. DXA-scanning was
performed with a machine from General Electric Healthcare,
Lunar Prodigy Advance (GE Healthcare, Pittsburg, US). The
software used was enCore version 13.31.016. Quality controls
of the DXA equipment were performed according to the
manufacturer's guidelines. No deviation from ordinary high-
quality functioning was found during the study period.

Fig. 1 Schematic drawing of periacetabular zones measured with DXA
according to Wilkinson et al. [7] and Laursen et al. [8]
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Radiostereometry

Migration of the acetabular shell was evaluated with
radiostereometry (RSA) [10]. UmRSA 6.0 computer software
from RSA Biomedical AB, Sweden, was used together with a
uniplanar calibration cage 43 from the same manufacturer.
The digital calibrated stereo radiographs (Bucky Diagnos-
tic™, Philips, Netherlands) were taken using one fixed and
one mobile roentgen source. The periacetabular iliac bone was
marked with up to nine one-mm diameter tantalum spheres
that were well distributed around the acetabulum to form a
rigid body segment. The cup segment was measured with a
markerless technique because both types of implanted acetab-
ular shells were hemispherical. This is an edge-detecting
ellipse algorithm that outlines the outer diameter and the
opening diameter of the metal shell [9]. Perioperatively, we
inserted tantalum marker beads in the peripheral rim of the
polyethylene liners as well. The markerless algorithm was
used in conjunction with between one and three consistently
visible liner beads to form a rigid body cup segment, which
was used to evaluate three-dimensional translations and rota-
tions in six degrees of freedom in relation to the surrounding
periacetabular pelvic bone. We followed the published guide-
lines for radiostereometric analysis [10]. Mean error of body
fitting <0.3 mm and condition number <137 were set as the
cut-off limits to be included in the RSA analysis. After
12 months of follow-up, we performed duplicate RSA exam-
inations in all the patients with complete repositioning of the
X-ray tubes and the calibration cage. We calculated the preci-
sion as the 95 % confidence interval (CI) (SD 1.96) of the
difference between these examinations. For translation along
the x-(transverse), y-(vertical) and z-(anteroposterior [AP])
axes, this was 0.19, 0.16 and 0.29 mm, respectively. For
rotation about the x-(flexion/extension), y-(ante-/retroversion)
and z-(varus/valgus) axes, the values were 1.1°, 1.1° and 0.5°,
respectively. The precision for our RSA setting was similar to
that previously reported [11].

Clinical outcome

The clinical result was evaluated with a self-administered
score protocol at each follow-up. Hip specific outcome score
was the Western Ontario and McMaster Universities Osteoar-
thritis Index (WOMAC) [12]. Health-related quality of life
was measured with EQ-5D [13].

Sample size and power analysis

We conducted a power analysis (two-sided, p = 0.05) before
the study start and tested the null hypothesis that the mean
change in bone mineral density would be equal in both
groups. We assumed that ROI 1 and 2, proximal to the cup,
were the most interesting zones because compromised bone

stock and focal osteolysis in this region would be of great
importance should a later cup revision be necessary. We also
assumed that a mean difference of 10% (standard deviation of
10% [7, 14]) in bonemineral density in ROI 1 and 2 would be
the smallest difference of clinical relevance. We calculated
that a total of 44 patients (22 in each group) would have a
power of 90 % to yield a statistically significant result. We
planned to include 50 patients to accommodate drop outs.

Randomization

Pre-operative general bone mass is an important factor
influencing periprosthetic bone loss after hip arthroplasty
[15–17]. Therefore, we stratified the randomization for age
and sex, factors known to influence general bone mass [17,
18]. To obtain an approximately equal number of patients in
the two age strata, the age ranges were set to 40–59 and 60–70
years of age. Each stratum contained several blocks of four.
Patients were randomly assigned at a 1:1 ratio to the porous
titanium group or control group. Randomization was carried
out with the use of sequentially numbered, opaque, sealed
envelopes. A research nurse generated the random allocation
sequence. None of the surgeons involved in recruiting and
operating on the patients were involved in the randomization
process. Neither patients nor surgeons were blinded during the
study.

Statistical methods

Subjects with missing bone mineral density data or missing
migration data at any of the follow-up visits were analysed by
carrying the last observation forward. This was done for two
single follow-ups in the porous titanium group and two in the
control group. BMD- and stem-migration data were tested for
normality and homogeneity using the Kolmogorov-Smirnov
and Levene's tests. Because both sets of data were normally
distributed, we used the unpaired Student t-test for between-
group comparisons. Correlation between changes in bone
mineral density and migration and other factors known to
influence BMD, i.e., age, sex, BMI [14, 19] and preoperative
general bone mass, was analysed with a multivariate linear
regression analysis. We used the non-parametric Mann–Whit-
ney U-test for between-group comparisons of clinical score
data because they are ordinal data levels.

Results

Participant flow and baseline data

We included a 51st patient because one patient died of causes
unrelated to surgery five months after inclusion. One patient
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randomized to the porous titanium group received a control
group cup instead due to technical error during surgery. This
patient stayed in the designated group for analysis according
to intention-to-treat. Baseline data were similar in the two
groups (Table 1, Fig. 2).

Complications

One patient in the control cup group underwent a stem
revision three weeks postoperatively due to a calcar
femoral fracture. One patient in the porous titanium
group suffered from increasing hip pain starting several
months after surgery. Radiolucent lines were visible
along the stem but not behind the cup. During revision
surgery, a low virulent deep periprosthetic infection
could be verified. These two patients have been exclud-
ed from the analysis of the clinical results. We observed
no dislocation and no thromboembolic event.

Bone remodelling

Comparison of bone remodelling in the periacetabular region
as an entity, i.e., zones 1–4, showed that bone mineral density
was almost completely restored to baseline values after
24 months in both groups. The difference of −1.5 % was
non-significant (95 % CI 2.8 to −5.9, p=0.483; Fig. 3). The
pattern of bone remodelling was also similar in the two
groups, with diminishing BMD in the two proximal zones
and increasing BMD in the two distal ones. However, the
extent of change in BMD differed in individual zones
(Table 2).

The results of the primary endpoint was unchanged
after factors known to influence BMD, i.e., age, sex,
BMI and pre-operative general bone mass, were

included as covariates in a multivariate linear regression
analysis. We found a statistically significant association
(p=0.007) between BMI and bone remodelling in zone
1 after 24 months. High BMI was correlated with less
demineralization. No significant loss in general bone
mass after 24 months was found in any of the patients
when we rescanned the lumbar spine.

Implant migration

There was an initial migration of the implants in both
groups up to six months postoperatively. After this, all
implants were stable, i.e. there were no micromotions
above the precision of RSA. We observed no radio-
graphic signs of loosening. However, the migration pat-
tern differed slightly between the two groups (Table 3).
The porous titanium group migrated 0.14 mm (95 % CI
−0.28 to −0.0005, p=0.049) more proximally than the
control group (Fig. 4). The differences in migration in
all other axes were statistically non-significant at every
follow-up visit. In the linear regression analysis, none of
the studied covariates affected migration up to
24 months.

Clinical results

We recorded improvements in WOMAC score in both groups
two years after surgery, increasing frommedian (range) 43 (5–
72) preoperatively to 95 (47–100) in the control group and
from 47 (15–70) to 94 (70–100) in the porous titanium group
(p=0.610). The improvement in health-related quality of life
was also similar; EQ-5D increased from 0.69 (median) pre-
operatively to 1.00 (median) at two-year follow-up in both
groups.

Table 1 Baseline characteristics
of subjects

Values given as n or mean±SD

Characteristic Control group (n=26) Porous titanium group (n=25)

Age, years 62±5 62±6

Sex, male/female 11 / 15 11 / 14

Weight, kg 79±15 82±13

Height, cm 171±10 172±8

BMI 27±4 28±4

Charnley class A / B / C 16 / 10 / 0 18 / 7 / 0

ASA class, (1 or 2) / (3 or 4) 21 / 5 20 / 5

Lumbar spine

Normal bone density 13 12

Osteopenia 8 7

Osteoporosis 2 0

Baseline BMD (g/cm²) 1.142±0.208 1.152±0.181

Surgery time (min) 106±17 107±17
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Discussion

In this randomized controlled trial comparing periacetabular
bone remodelling and component fixation in two acetabular
implants with differing properties regarding shell backside
finish we found no clinically relevant differences between
the implants and thus no sign of enhanced osseointegration
nor reduced adaptive periacetabular bone resorption. Both
implants conserved the periacetabular bone, but the pattern
of bone remodelling differed slightly. Micromotions in the
acetabular implants were also small. Although the proximal
migration for the porous titanium group was slightly larger,
after an initial “bedding in” process in both types of shells, no
continuous migration was observed. Thus, in the short two-
year time perspective and with the number of patients avail-
able in this study, we could not see any clinically relevant

differences between bone remodelling or implant fixation
between the two cups.

Bone remodelling

Several studies reporting periacetabular bone remodelling
with DXA [14, 20, 21] have demonstrated a pronounced
reduction in BMD in the proximal regions and a minor reduc-
tion, or a gain, in BMD in the distal regions. We observed the
same pattern in this study. Initially, after insertion of a press-fit
cup, the load will primarily be transferred to the rim of the
acetabulum [22]. Before bone ingrowth has occurred, rim
loading will protect the load transfer to the backside area of
the shell. This could contribute to the initial decrease in BMD
in the two proximal zones. The effect of rim loading on bone
mineral density, with a slower decrease in cortical bone and a

Fig. 2 CONSORT flow chart
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more pronounced decrease in cancellous bone, cannot be
distinguished with the DXA method used in this study.

In the porous titanium group, the cup seemed to save more
bone in the zones behind the shell, i.e., zones 2 and 3. It is
possible that the increased porosity and the trabecular-like

geometry of the backside coating in this cup enables a deeper
and more evenly distributed bone ingrowth than the control
groups porous-coated surface. This could explain the trend of
higher BMD-values measured in these zones. If shell fixation
is more pronounced in zones 2 and 3, this might result in less

Fig. 3 Mean percentage change
in bone mineral density in
combined zones 1-4. Error bars
indicate the 95 % confidence
intervals

Table 2 Primary endpoint: bone
remodelling, measured with DXA

P-value determined with the un-
paired Student'st-test

Outcome Control group (n=26) Porous titanium
group (n=25)

Difference in
% (95%CI)

P-value

Change in BMD zone 1 (%)

3 months −3.6±5.9 −2.2±7.2 1.4 (−5.2 to 2.3) 0.442

6 months −1.8±6.1 −5.4±8.2 −3.5 (−0.5 to 7.6) 0.088

12 months −1.2±7.2 −5.3±7.9 −4.0 (−0.3 to 8.3) 0.065

24 months −2.1±6.6 −6.0±6.7 −3.9 (0.2 to 7.7) 0.042

Change in BMD zone 2 (%)

3 months −9.1±9.6 −2.2±15.9 6.9 (−14.5 to 0.7) 0.075

6 months −9.1±9.5 −2.0±18.6 7.1 (−15.6 to 1.5) 0.103

12 months −10.3±7.9 −1.5±19.4 8.8 (−17.5 to −0.09) 0.048

24 months −10.3±9.6 −4.4±20.0 6.0 (−15.1 to 3.2) 0.192

Change in BMD zone 3 (%)

3 months −4.3±17.0 2.8±18.9 7.1 (−17.3 to 3.1) 0.169

6 months −0.5±13.6 5.0±20.4 5.5 (−15.4 to 4.5) 0.276

12 months 0.5±13.8 9.4±22.6 8.9 (−19.8 to 1.9) 0.103

24 months 1.7±14.7 7.0±21.7 5.3 (−16.0 to 5.4) 0.323

Change in BMD zone 4 (%)

3 months 0.6±16.9 1.4±9.8 0.8 (−8.7 to 7.1) 0.841

6 months 3.5±14.1 5.6±11.9 2.1 (−9.6 to 5.4) 0.571

12 months 7.9±15.1 5.8±12.6 −2.0 (−5.9 to 10.0) 0.607

24 months 10.2±16.8 7.8±15.1 −2.4 (−6.7 to 11.5) 0.595

Change in BMD zones 1–4 (%)

3 months −3.8±7.8 −1.1±6.1 2.7 (−6.7 to 1.3) 0.186

6 months −1.5±6.0 −1.6±7.3 −0.1 (−3.7 to 3.9) 0.957

12 months −0.4±6.8 −1.1±7.5 −0.6 (−3.4 to 4.7) 0.745

24 months −0.4±6.9 −1.9±8.4 −1.5 (−2.8 to 5.9) 0.483
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compression forces transferred to the proximal periacetabular
bone, which could contribute to the larger reduction in BMD
in zone 1 observed in the porous titanium group.

A possible explanation for the unanticipated phenomenon
that bone preservation is more pronounced in the distal two
zones than in the proximal two is that a well-fixed shell will
induce traction forces acting on the periacetabular bone dis-
tally, and traction forces are a strong stimulus for an increase

in bone mineral density. Another plausible explanation for the
increase in BMD in zone 3 is that the acetabular floor is
medialized through reaming during surgery. The native bone
underlying the acetabular fossa will be loaded by the absolute
proximity of the implanted metal shell. This will contribute to
a change in load pattern in this zone. If bone ingrowth is more
pronounced in the porous titanium group, this could explain
the trend of higher BMD in zone 3.

Table 3 Secondary endpoint:
cup migration measured with
RSA

P-values derived from Student's t-
test

Cup motion Control group (n=26) Porous titanium group (n=25) p-value

Mean SD Mean SD

Migration

Transverse (x)

6 weeks 0.03 0.25 0.13 0.49 0.339

3 months 0.03 0.26 0.17 0.60 0.294

6 months 0.05 0.27 0.22 0.61 0.219

12 months 0.06 0.27 0.25 0.67 0.202

24 months 0.05 0.30 0.22 0.75 0.292

Vertical (y)

6 weeks 0.16 0.18 0.28 0.29 0.038

3 months 0.19 0.17 0.31 0.41 0.034

6 months 0.20 0.18 0.36 0.40 0.006

12 months 0.23 0.23 0.38 0.48 0.025

24 months 0.24 0.21 0.38 0.49 0.049

Anteroposterior (z)

6 weeks 0.02 0.19 −0.07 0.30 0.220

3 months −0.07 0.23 −0.11 0.32 0.605

6 months −0.13 0.21 −0.06 0.24 0.309

12 months −0.12 0.21 −0.12 0.34 0.970

24 months −0.09 0.22 −0.11 0.31 0.791

Rotation

Flexion/extension (x)

6 weeks 0.64 10.30 1.24 1.76 0.174

3 months 0.71 10.59 1.42 1.89 0.158

6 months 1.00 1.58 1.45 1.45 0.310

12 months 1.01 1.46 1.53 1.61 0.240

24 months 0.89 1.44 1.74 1.81 0.075

Ante-/retroversion (y)

6 weeks 0.65 1.73 1.24 2.04 0.277

3 months 0.74 2.01 1.23 1.98 0.396

6 months 0.96 2.16 1.61 1.98 0.277

12 months 1.38 2.06 1.56 2.14 0.763

24 months 1.23 1.91 1.68 2.44 0.476

Varus/valgus (z)

6 weeks −0.23 1.12 0.12 2.00 0.451

3 months −0.24 1.13 0.14 2.43 0.489

6 months −0.29 1.13 0.09 2.35 0.468

12 months −0.42 1.13 0.14 2.45 0.302

24 months −0.49 1.19 0.05 2.59 0.351
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Migration

Excessive early migration and continuous migration of a
joint replacement implant can predict later implant loosen-
ing [23, 24]. Prediction of a threshold when an implant
might be at risk of later loosening has been suggested in
several studies [23, 25]. For an uncemented implant, it is
not dichotomized if a minimum of micromotion occurs
initially before the osseointegration process has started,
as long as the implant becomes stabilized after such a
“bedding in” process. In our study, the initial rotation
around the x- and y-axes was slightly larger compared
to what others have reported [14, 26, 27]. This finding
may depend on the fact that in this study, we under-
reamed the acetabulum by 1 mm instead of the more
common 2 mm, and only in one case did we use one
screw for additional primary stability of the shell. Despite
this, both types of implants achieved good fixation, and
we observed no continuous migration of the components.
The only statistically significant difference in migration
between the groups was that the porous titanium group,
with its rougher backside surface, migrated more proxi-
mally than the control group (Fig. 3). This proximal
migration occurred during the first six months. Although
the amount of migration was above the level suggested by
Pijls et al. [25], after three months, none of the cups had
a migration in any direction above the detection resolution
of RSA. Thus, all were firmly fixed in bone. It is possible
that the larger proximal migration in the porous titanium
group is an effect of the higher friction coefficient of this
cup. As a result, we may not have been able to impact
the shell all the way in during surgery to achieve absolute
proximity to the acetabular bone as often as we did with
the control group's shells. On plain postoperative radio-
graphs however, this hypothetical difference in seating of

the implants was not visible. We also found no radiolucent
lines in any of the implants of the study, thus questioning
the clinical importance of this difference in migration.

Clinical outcomes

Patients in both groups reported excellent improvements in
clinical scores with no statistically significant differences be-
tween the groups. This indicated that both types of cups
functioned very well from a clinical perspective. In the ma-
jority of comparative total joint replacement studies evaluat-
ing clinical outcome, the improvement is of such a magnitude
that it is difficult to find a difference between groups related to
implant matters. The difference between implants might be of
great importance in the long run, especially when younger
patients undergo operation, but the clinical difference related
to implant factors in the short term tends to be overshadowed
by the great improvement that is normally observed after any
type of modern total joint replacement surgery.

Strengths and weaknesses

To the best of our knowledge, this is the first randomized
controlled study comparing this new porous titanium shell
with a porous-surface implant in uncemented THA. We were
able to follow all of the patients, with none lost to follow-up.
Our randomization was successful with similar baseline char-
acteristics of the subjects. Highly accurate methods used to
evaluate bone mineral density (DXA), implant micromotion
(RSA) and polyethylene wear (RSA) were other strengths of
this study. In addition, the study was performed by an inde-
pendent academic centre with no relation to the manufacturers
of the implants.

The study was not blinded, but the analysis of the effect
was performed according to the intention-to-treat principle.

Fig. 4 Proximal cup migration
proximally (y-translation) in
millimetres for porous titanium
group (red line) and control group
(blue line). Error bars indicate the
95 % confidence intervals.
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Weaknesses in the study design were the differences regarding
different stems and the fact that the stems were from different
manufacturers. There are a number of variables in this study,
including stem type and design of the cup shell. These vari-
ables may interact and thus confound the outcomes of the
study. Ideally, the design of the shell should be used as a single
variable to study bone remodelling (and probably cup migra-
tion). This is a well-known problem and dilemma when plan-
ning and conducting randomized studies comparing different
joint implants. To what extent such confounding variables
influence the outcomes is obviously difficult to estimate.

Conclusions

In conclusion, the cups used for both the porous titanium
group and the control group conserved the periacetabular bone
after 24 months, even though the pattern of periacetabular
bone remodelling differed between the two groups. Fixation
of the shell used in the porous titanium group is, up to two
years, as good as the well-proven and clinically well-
functioning cup used for the control group.
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