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Abstract We measured bone density (BD) changes to
assess adaptive bone remodelling five years after unce-
mented total hip arthroplasty with taper-design femoral com-
ponent using quantitative computed-tomography-assisted
osteodensitometry (qCT). Nineteen consecutive patients (21
hips) with degenerative joint disease were enrolled in the
study. A press-fit cup and a tapered uncemented stem
ceramic−ceramic pairing were used in all patients. Serial
clinical, radiological and qCT osteodensitometry assess-
ments were performed after the index operation and at the
one, two and five year follow-ups. At the latest follow-up,
the clinical outcome was rated satisfactory in all hips. The
radiological assessment showed signs of osteointegration
with stable fixation of all cups and stems. Overall, there
was evidence of a BD loss at year five (p=0.004). We
estimate that BD loss was between 2.2% and 12.1% in
comparison with baseline postoperative values. Progressive
loss of BD in the metaphyseal region was observed in all

hips. We found unremarkable BD changes of diaphyseal
cortical BD throughout the five year follow-up period. qCT
osteodensitometry technology allows differentiation of
cortical and cancellous BD changes over time. Peripros-
thetic BD changes at the five year follow-up are suggestive
of stable stem osteointegration with proximal femoral
diaphysis load transfer and metaphyseal stress shielding.

Introduction

Bone density (BD) assessment using dual-energy X-ray
absorptiometry (DXA) has been used to monitor bone
remodelling changes after total hip arthroplasty (THA) [4,
8, 17, 20]. The major disadvantage of DXA is the inability to
differentiate between cortical and cancellous bone. In previ-
ous studies, we presented an innovative in vivo method of
quantitative computed-tomography (qCT)-assisted osteoden-
sitometry that accurately differentiates cortical and cancellous
BD changes around the femoral component after THA [12,
15]. The objective of this prospective one-cohort study was to
assess femoral bone adaptive remodelling around an unce-
mented femoral component with a taper design and hydroxy-
apatite (HA) coating five years after the index operation.
The hypotheses of this study were: (1) BD changes occur
predominantly in the metaphyseal region of the femur; (2)
loss of cancellous BD is greater than cortical BD.

Material and methods

Twenty-nine consecutive patients (31 hips) with degenera-
tive joint disease and without deformity of the proximal
femur were enrolled in this study. The criteria for exclusion
were age <18 years and >80 years, refusal to consent,
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pregnancy, metabolic bone disease and previous failed
THA. All hips were operated upon by one surgeon in one
institution. The average patient age at the index operation
was 58 (range 30 –81) years. There were 16 men and 13
women. The mean body mass index (BMI) was 28.4 (range
20−33). The patients received an uncemented THA with a
taper-design femoral component coated with HA (Summit;
DePuy International, Leeds, UK), and a press-fit titanium
cup (Duraloc; DePuy) with ceramic−ceramic pairing
(Biolox Delta, CeramTec, Plochingen, Germany). Postop-
eratively, patients commenced touch weight bearing for
four to six weeks and full weight bearing thereafter. The
clinical outcome was assessed using the Harris Hip Score
(HHS) and the Oxford Hip Score (OHS). Serial anterior–
posterior and lateral-view radiographs were taken postop-
eratively, six months, one, two and five years after the
index operation. Preoperative radiological bone quality
according to the classification of Dorr et al. [2] was rated
A in all hips. CT scans were carried out on all patients
postoperatively and one, two and five years after the index
operation. The method used for qCT assessment has been
already described in the one and two year follow-up reports
[10, 11]. Statistical analysis was carried out using the “R”
software package (Version 2.1.1, Vienna, Austria). For all
analyses, we did one-way analysis of variance (ANOVA),
using the Levene test to check for equal variance and the
Shapiro-Wilks test to check normality. Of primary interest
was determination of the average difference between
postoperative, one year, two year and five year follow-up
BD changes for both cancellous and cortical bone. With
this in mind, we averaged the bone slice readings for each
patient and carried out a paired t test analysis (on the
difference in BD) for cortical and cancellous bone.

Results

Three patients moved overseas before the last follow-up;
four had a complete five year clinical and radiological
follow-up but could not attend CT sessions for imaging of
the femur. One patient who inadvertently commenced
bisphosphonate therapy was excluded from the study.

Therefore, 21 hips (19 patients) had a complete five year
clinical, radiological and qCT follow-up. There were no
serious complications requiring revision surgery. The mean
preoperative HHS was rated 38 (range 22–70) points and
was rated 95 (range 85–100) points at the five year follow
up. The mean preoperative OHS was rated 42 (range 35–
58) points and was rated 19 (range 21–12) points at the five
year follow-up. All patients were able to walk without
limping at follow-up. No patient reported thigh pain
requiring analgesia, and no patient reported squeaking or
any other noise from the ceramic hip joint. The radiological
assessment showed stable cup and stem fixation with good
osteointegration in all hips. There was no evidence of any
radiolucent lines, osteolytic lesions or postoperative subsi-
dence. Results of qCT osteodensitometry analysis are
depicted in Tables 1 and 2 and Figs. 1, 2 and 3. The
analysis of the surface area of each scan slice showed no
statistical difference between postoperative, one, two and
five year scans, confirming adequate precision for evalua-
tion of the same bone area.

We found no significant correlation between factors such
as: (1) gender, (2) BMI, (3) side and (4) size of the femoral
component and extent of BD changes at the latest follow-
up. From operation to year five, there was no significant
difference in proportional loss of density between cortical
and cancellous bone (p 0.44, 0.23 and 0.50). However,
there was a significant difference in the proximal portion of
the femur (greater and lesser trochanter regions) (p 0.03 and
0.0008). We estimate that the loss in BD was between 0.6%
and 13.8% greater for cancellous than for cortical bone at
the level of the greater trochanter and between 4.6% and
17.8% greater for cancellous than for cortical bone at the
level of the lesser trochanter. Overall, there was strong
evidence of a loss of BD at year five (p value=0.004). We
estimate that the loss of periprosthetic bone density was
between 2.2% and 12.1%.

Cortical bone

There was strong evidence that BD was higher immediately
after the operation than after five years (p 0.004). We

ROI Postoperative 1year 2years 5years

Mean SD Mean SD Mean SD Mean SD

1 861.4 101.6 683.3 112.5 711.4 134.5 520.3 110.1

2 1,003.4 106.6 925.2 140.8 913.6 261.7 848.1 163.1

3 1,273.1 45.6 1219.2 53.9 1,263.1 40.3 1,229.4 65.4

4 1,296.1 47.8 1271.9 49.5 1,303.2 40.9 1,273.3 70.0

5 1,296.1 51.7 1280.8 48.7 1,309.9 40.2 1,272.7 69.4

Table 1 Postoperative baseline
cortical bone density (BD) val-
ues [mean ± standard deviation
(SD)] and follow-up BD values
in the five regions of interest
(ROI) (1=greater trochanter re-
gion; 5=2 cm below the tip of
the stem)
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estimated that mean BD was between 20.1 mg/CaHA/ml
and 120.5 mg/CaHA/ml higher immediately after surgery
than five years after the index operation [95% confidence
interval (CI)]. BD loss was progressive in the most
proximal portion of the femur. We observed unremarkable
BD changes in the diaphyseal region.

Cancellous bone

There was strong evidence that BD was higher immediately
after the operation than after one and five years (p 0.001).
We estimated that mean BD was between 50.5 mg/CaHA/ml
and 86.4 mg/CaHA/ml higher immediately after surgery
than five years after the index operation (95% CI). At the
five year follow-up, we observed remarkable BD loss in
the most proximal region (greater trochanter and calcar);
however, the loss appeared unchanged since the one year
follow-up. In contrast, loss of BD in the lesser trochanter
region appeared progressive. Interestingly, we observed
BD increase in the diaphyseal regions.

Analysis for high BD baseline versus BD changes
at follow-up

We separated the patients into two groups based on whether
theywere above or below the midpoint between the maximum
and minimum BD baseline values (averaged across the five
ROIs). We looked at BD loss after one and five years for
cortical and cancellous bone. In all cases, there were no
significant differences. Changes of femoral cortical and
cancellous BD of the nonoperated site were unremarkable.

Discussion

The aim of this prospective qCT osteodensitometry study
was to measure BD changes and assess adaptive remodel-
ling around a femoral component with taper design and HA
coating. At the five year follow-up, we observed a moderate
decrease of both cortical and cancellous BD in the
metaphysis. BD loss in the metaphysis was greater than

ROI Postoperative 1 year 2 years 5 years

Mean SD Mean SD Mean SD Mean SD

1 208.7 70.5 139.1 83.5 164.5 66.1 155.3 88.2

2 336.6 48.4 282.7 71.7 322.3 86.2 261.0 79.2

3 511.7 114.0 426.5 97.8 551.3 116.0 543.7 115.7

4 255.7 63.2 225.4 62.1 320.6 82.5 276.5 100.4

5 186.0 42.3 153.1 37.7 199.0 50.3 219.4 67.9

Table 2 Postoperative baseline
cancellous bone density (BD)
values [mean ± standard devia-
tion (SD)] and follow-up BD
values in the five regions of
interest (ROI) (1=greater tro-
chanter region; 5=2 cm below
the tip of the stem)

Fig. 1 Five computed tomography scans (regions of interest) selected for quantitative osteodensitometry
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cortical BD loss. We observed small changes of cortical BD
in the diaphyseal regions. In contrast, cancellous BD
increased in the diaphyseal regions. BD changes at the five
year follow-up are suggestive of proximal femoral diaph-
ysis load transfer with osteointegration and metaphyseal
stress shielding.

BD changes adjacent to an implant have a multifactorial
aetiology. Whereas age-related changes occur, focal osteol-
ysis and stress shielding are the most important causal
factors of periprosthetic bone loss [3]. Stress shielding is a
phenomenon that describes the tendency of bone to atrophy
in the absence of an adequate mechanical stimulus based on
the principles known as Wolff’s law [12]. The extent of
stress shielding depends on the size, design and elastic

module of an implant and its biomechanical interactions
with cortical and cancellous bone structures [6, 13, 17].

Taper-design stems aim to achieve metaphyseal fixa-
tion with proximal load transfer to limit stress shielding.
Finite-element analyses showed that the extent of stress
shielding is directly related to stem stiffness, with lower
E-modulus materials such as titanium reducing proximal
stress shielding [5, 18]. HA-coated implants show good
clinical and radiological outcomes with moderate BD
loss and improved implant fixation when compared to
porous-coated implants [14, 17]. DXA studies have
reported proximal bone resorption around uncemented
stems, which can range from 20% to 50% [7, 9, 19]. A
recent DEXA study reported periprosthetic BD loss of up to

Fig. 2 Cortical done density
changes in the five regions of
interest at the 1-year, 2-year and
5-year follow-up

Fig. 3 Cancellous bone density changes in the five regions of interest at the 1-year, 2-year, and 5-year follow-up
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12.9% in cemented stems five years after surgery [1]. When
using DXA, structural differences of cortical and cancellous
bone are not taken into consideration when measuring BD
after THA [8, 17]. Using sectional CT imaging, a separate
analysis of cortical and cancellous bone structures can be
achieved [12]. The CT-assisted osteodensitometry technol-
ogy used in this study is accurate and reproducible [16]. We
found BD changes ranging from −39.5% to +1.1% in
cortical bone and from −40.6% to +34.9% in cancellous
bone. We estimated that the mean loss of periprosthetic BD
was between 2.2% and 12.1%. The reported figures
compare favourably with other osteodensitometry studies
on uncemented femoral components [7, 14, 16].

In comparison to the two year follow-up data of our
previous study [10, 11], we observed progressive decrease of
cortical BD in the metaphyseal area and decrease of
cancellous BD around the lesser trochanter region. Paradox-
ically, BD of cancellous bone increased in the diaphyseal area.
This is related to the slow but progressive replacement of
cortical bone by cancellous bone in this region.

In summary, the taper-design stem assessed in this study
has shown satisfactory clinical and radiological results. BD
changes observed five years after THA with the Summit
stem compare favourably with BD changes reported in
other studies using anatomical-design and taper-design
stems [7, 15]. In conjunction with finite-element analysis,
qCT allows generation of accurate patient-specific meshes
on which to model implants and their effect on bone
remodelling [18]. This technology can be useful in
predicting bone remodelling and quality of implant fixation
using prostheses with different design and/or biomaterials
[12]. In the future, this tool could be used for preclinical
validation of new implants before their widespread intro-
duction into clinical practice.
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