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Bone remodeling around the Cambridge cup
A DEXA study of 50 hips over 2 years
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Background In a prospective 2-year study we have used
dual-energy X-ray absorptiometry to measure peripros-
thetic bone mineral density (BMD) following implanta-
tion of a novel, “physiological”, acetabular component
designed using composite materials.

Method The acetabular components were implanted
in hydroxyapatite (HA) and HA-removed options.
They were implanted in conjunction with a cemented
femoral component in 50 female patients who presented
with displaced, subcapital, fractures of the neck of the
femur. Regions of interest (ROI) were defined accord-
ing to De Lee and Charnley. BMD during follow-up was
compared with immediate postoperative values for the
affected limb.

Results ~ The mean precision error (CV%) was
1.01%, 2.26% and 1.12%, for ROI L, II and III respec-
tively. The mean change in BMD, for both cups, was
analyzed. There was no significant difference between
the BMD changes induced with the HA- and non-HA-
coated cups.

Interpretation After an initial fall in BMD in all 3
ROI at 6 months, ROI I and ROI II showed return to
baseline BMD by 2 years. ROI III showed no significant
decrease in BMD beyond 6 months, but did not return
to baseline levels. Statistical analysis revealed no signifi-
cant decrease in BMD in ROI I and ROI II at 2 years,
compared with immediate postoperative values. The
changes in BMD reflect a pattern of maximally reduced
stress in the non-weight-bearing zone (ROI III), with

preservation of bone density in weight bearing zones
ROI T and ROI II. These results support the design prin-
ciples of the Cambridge cup.

During human walking, load is transferred from
the spine to the lower limb via the internal trabecu-
lar lamellae of bone. They pass from the sacroiliac
joint through the ilium to the roof of the acetabu-
lum, and then from the load-bearing segment of the
femoral head to the principal compressive trabecu-
lar system of the proximal femur (Humphrey 1888,
Inman 1947, Kummer 1966). At the hip joint, the
load is transmitted between segments of the hyaline
articular cartilage that cover the horseshoe-shaped
portion of the acetabulum and the spherical part of
the femoral head (Harrison et al. 1953, Greenwald
and O’Conner 1971).

On each side of the joint there are zones of
changing tissue stiffness; where trabecular bone
merges into the subchondral plate which then sup-
ports hyaline articular cartilage. Following hip
replacement, new zones of dissimilar material
stiffness are created at the interfaces between pros-
thetic implant and host bone. The integrity of these
interfaces is critical to stability of the prosthesis
and successful outcome. One criterion for improv-
ing implant design and long-term component sta-
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Figure 1. The horseshoe-shaped Cambridge acetabular cup.

bility may be to minimize the modulus mismatch
between implant and bone.

Composite materials technology offers the
potential to fabricate components with mechani-
cal properties that are closer to those of host bone
(Field 1988). The Cambridge acetabular compo-
nent is modeled to replace the cartilage and under-
lying subchondral bone of the horseshoe-shaped
articular portion of the acetabulum (Field 1988)
(Figure 1).

The acetabular component comprises a 3-mm-
thick bearing surface of ultra-high molecular
weight polyethylene (UHMWPE) moulded to a
1.5-mm backing of 30% carbon fiber-reinforced
polybutyleneterephthalate (CFRPBT). Full details
of the Cambridge cup design have been reported
elsewhere (Field et al. 2006). It is intended that the
cup should deform in concert with the surrounding
acetabular bone, when loaded, so that micromotion
at the bone-prosthesis interface is reduced. Distri-
bution of stress to the acetabulum should be close
to physiological, with reduction of stress shielding
and bone remodeling.

Dual energy X-ray absorptiometry is an estab-
lished technique for assessment of bone mineral
density (BMD) in the proximal femur (Cohen
and Rushton 1995). However, there have been
relatively few reports of changes in peri-acetabular
BMD following total hip arthroplasty (Korovessis
et al. 1994, Sibo et al. 1998, Wilkinson et al. 2001)
and no reports on the changing pattern of acetab-
ular BMD with advancing age. To date, reported
studies have used the De Lee and Charnley zones
to define the regions of interest (ROI) for measure-
ment of periacetabular BMD, as in conventional
radiographic assessment (De Lee and Charnley
1976).

As with the proximal femur, periacetabular BMD
has been seen to change after total hip arthroplasty.
All of the studies have demonstrated an initial fall
in periacetabular bone mineral density (Koroves-
sis et al. 1994, Sibo et al. 1998, Wilkinson et al.
2001). Thereafter, recovery has been uneven with
maximal recovery in ROI I and permanent depres-
sion of BMD in ROI II and III. These findings are
attributed to rim loading of metal-backed compo-
nents.

Levenston et al. (1993) reported the results of
simulated, stress-related, bone remodeling around
conventional uncemented acetabular components
using finite element analysis. The study predicted
bone loss of up to 50% medial to the prosthesis,
due to stress shielding. However, they predicted
increases in bone density of approximately 30%
in the region of the acetabular rim. Wilkinson et
al. (2001), using their uncemented metal backed
acetabular component, confirmed an increase in
BMD around the prosthetic rim and a decrease in
the central pelvic zones (ROI II).

Sdbo et al. (1998) reported the BMD changes
following implantation of a titanium-threaded ace-
tabular component. They reported a 19% decrease
in overall BMD for female patients at 6 months
that persisted to 2 years. They also reported results
for individual zones and showed a 17% reduction
in BMD in ROI II at 2 years. However, they noted
that the Mecron component has been associated
with poor clinical outcomes and Sibo et al. do
indicate that prolonged depression of BMD may
be indicative of fixation failure.

Our hypothesis was that a cup designed to match
the modulus of bone would reduce the loss of ace-
tabular bone after implantation.
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Patients and method

The Cambridge cup study was undertaken between
December 1994 and May 1997, with implantation
of 50 acetabular components. The patients all had
a preoperative diagnosis of a displaced sub-capi-
tal femoral neck fracture suitable for treatment
by implantation of a Thompson-type hemiarthro-
plasty. All subjects were female over the age of 70,
with a mean age of 81 years at the time of implan-
tation. Full details of the trial protocol and clinical
results have been reported elsewhere (Field and
Rushton 2005).

11 consecutive patients were selected from the
study to undergo the prospective 2-year DEXA
analysis. Ethical approval was obtained for the
DEXA protocol prior to the study, the aim of the
trial was explained to each patient and informed
consent was obtained. Of the 11 cups included in
the DEXA study, 5 were prepared with a plasma-
sprayed coating of hydroxyapatite (HA) on the
outside surface. The other 6 cups had had the HA
coating removed to simulate the effects of resorp-
tion of the HA.

We used the Hologic QDR 1000 densitometer
(Hologic Inc., Waltham, MA) in pencil beam mode
to measure periprosthetic acetabular BMD. A
baseline investigation was performed in the imme-
diate postoperative period. Follow-up scans were
performed at 6 weeks, 6 months, 12 months, 18
months and 2 years postoperatively. To obtain the
DEXA scans, the subject was positioned supine
and parallel to the table. The patient’s legs were
abducted and positioned using a hip positioner,
with the toes pointing vertically. The scan-to-focus
distance was set at 76 cm. A scout scan was per-
formed initially to check the ROI. When this was
confirmed, the appropriate zones were selected
within the ROI and these regions analyzed using
standard periprosthetic software, which provides a
pixel size of 1 mm x 0.96 mm. With each individ-
ual scan, analysis was performed using the metal
removal algorithm on the defined ROI and mean
BMD was automatically calculated. We defined
the regions of interest as ROI I, ROI II and ROI III
using the conventional De Lee and Charnley zones
(De Lee and Charnley 1976). The individual sizes
of the regions are shown in Figure 2.

Figure 2. Regions of interest (ROI) in the periacetabulum
using the De Lee and Charnley (1976) zones.

DEXA validation

The DEXA precision was validated using repeat
measurements from a single subject. Following the
baseline postoperative scan, one subject was asked
to move off the scanning table and walk around the
room. The subject was repositioned and a second
scan was taken. The cycle was repeated to obtain a
total of 5 scans.

Results
DEXA validation

Precision estimates in vivo are useful in determin-
ing whether a significant change in patient BMD
has occurred. Precision estimates are usually given
as the standard deviation (SD) or the percent coef-
ficient of variation (CV%). The CV% is calculated
as follows:

CV% =100 x ((SD/V?2) / mean)

Knowing the precision of a measurement assists
in the interpretation of serial measurements made
on one individual. The magnitude of change which
must be measured to ensure that the change is real,



Acta Orthopaedica 2006; 77 (5): 726-732 729

Table 1. DEXA validation Table 2. Clinical data on the 11 patients
BMD (g/cm?) Patient Sex Age HA-coated  Barthel Index
Scan number | I ] at 2 years
1 0.764 0.501 0.533 1 F 86 no 19
2 0.786 0.525 0.549 2 F 76 no
& 0.764 0.498 0.552 & F 86 yes 20
4 0.784 0.527 0.54 4 F 82 yes 20
5 0.767 0.492 0.553 5 F 77 yes 20
Mean 0.773 0.509 0.545 6 F 74 no 14
SD 0.011 0.016 0.009 7 F 90 no
CV% 2 1.01 2.26 1.12 8 F 80 no 20
Least significant 9 F 84 yes 20
change % P 2.83 6.31 3.13 10 F 74 yes 20
11 F 77 nno 14

2(100 x ((SDAV2) / mean))
b (2.8 x CV%)

and not Slmply the result of Table 3. Bone Mineral Density measured in the acetabulum using the HA-coated
a measurement error, may cup over 2 years

be referred to as the least

significant change. This BMD (g/cm?)
represents the 95% confi- Patient ROl Postoperatively 6 weeks 6 months 12 months 18 months 24 months
dence limits for the mea-

HA-coated cups

sured change. 1 I 0.985  0.868 0.773 0.764  0.753 0.775
The least significant Il 0.644 0.611 0.557 0.487 0.470 0.490
change was calculated as I 0.696  0.694 0.606 0.535  0.507 0.540
] 2 [ 1.086  0.952 0.988 1.038  1.367 1.653
follows: I 0.647  0.625 0.570 0.598  0.809 0.810
Least significant change I 0.608 0.575 0.521 0.522 0.607 0.465
% =28x%xCV% 3 I 0.889  0.852 0.778 0.822  0.840 0.839

Il 0731 0679  0.626 0703 0567  0.611

The results of DEXA 1 0738 0742 0675 0719 0681  0.696
validation are shown in 4 | 1.165 1.057 0.913 0.944 0.923 0.926
Table 1. I 0.604 0646  0.471 0.455 0578  0.709
. 1l 0.653  0.621 0.448 0.465 0516  0.464

Of the 11 patients, 8 had 4 | 0969 0.820 0810 0840 0874 0855

DEXA scans up to 2 years, Il 0.670 0.603 0.544 0.570 0.561 0.532
1 patient up to 1 year and 1T 0875 0832 0615 0596 0646  0.674
. Non-HA-coated cups

2 patients up to 6 months. | 0965 0974 0953 0927 0966  0.960

Clinical outcomes were Il 0.627 0.651 0.732 0.710 0.735 0.746

assessed in parallel over Il 0565 0483  0.49 0525 0520  0.529
. 2 | 1.092 1.080 — 0.999 - -
the 2-year period and are I 0.824 0.759 _ 0.686 _ _
presented in Table 2. I 0.708 0.692 - 0.636 - -

TheBMDmeasurements, 3 | 0772 0700 0747 0785 0722 0717

. . 1 0.630 0.613 0.597 0.557 0.550 0.524

over 2 years, in the periac- 1l 0713 0750  0.660 0630 0590 0575
etabulum are presented in 4 I 0.827 0.844 0.918 - - -
Table 3 for HA-coated and ::I ggég gggg 8221’ - - -

non-HA-coated cups. The 4 [ 1292  1.198 1.167 1209  1.229 1.226

mean values are shown in Il 0.666 0.620 0.610 0.608 0.655 0.633

Table 4 and Figure 3, and Il 0828 0706 0614 0622 0573  0.608
6 | 0.743 0.688 0.712 - - -

Table 4 and Figure 4 for the ! 0.520 0.531 0528 B B B
HA and non-HA patient 1 0.662 0.685 0.621 - - =
groups, respectively.
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Table 4. Mean BMD for all Cambridge cups with and without HA over 2 years
BMD (g/cm?)
Region of interest  Postoperatively 6 weeks 6 months 12 months 18 months 24 months
All Cambridge cups
| Mean 0.980 0.912 0.876 0.925 0.959 0.994
SD 0.169 0.158 0.139 0.143 0.227 0.308
1l Mean 0.643 0.624 0.576 0.597 0.616 0.632
SD 0.087 0.064 0.071 0.091 0.111 0.115
Il Mean 0.701 0.679 0.578 0.583 0.580 0.569
SD 0.089 0.093 0.076 0.078 0.064 0.087
HA-coated cups
| Mean 1.019 0.910 0.852 0.882 0.951 1.010
SD 0.108 0.096 0.094 0.109 0.240 0.364
l Mean 0.659 0.632 0.554 0.563 0.597 0.630
SD 0.047 0.031 0.056 0.098 0.126 0.131
I Mean 0.714 0.693 0.573 0.567 0.591 0.568
SD 0.102 0.101 0.089 0.0967 0.078 0.112
Non-HA-coated cups
| Mean 0.948 0.914 0.899 0.980 0.972 0.968
SD 0.213 0.207 0.182 0.177 0.254 0.255
1l Mean 0.630 0.617 0.598 0.640 0.647 0.634
SD 0.114 0.085 0.084 0.071 0.093 0.111
Il Mean 0.691 0.667 0.583 0.603 0.561 0.571
SD 0.086 0.093 0.070 0.052 0.037 0.040
BMD (g/cm?) BMD (g/cm?)
1.2 1.2
1.0 k\‘\‘//’/‘/* 1.0 W
0.8 0.8 ,\.\././E/.
0.6 ":"\\\: " 056 ‘:ﬂ\\\H —y——
0.4 0.4
ROl * ROII
ROI I
021~ ::8: ::, 021 T por
e overall
Postop. 6 weeks 6 months 12 months 18 months 24 months Postop. 6 weeks 6 months 12 months 18 months 24 months

Figure 3. BMD in HA coated cups over 2 years.
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Figure 4. BMD in non-HA-coated cups over 2 years.

Figure 5. BMD for all cups up to 2 years.

Using the least significant change as a measure
of significance, we found that for both groups the
BMD was reduced significantly in all 3 ROI at 6
months, but by 2 years the BMD in ROI I and ROI
II had returned to the baseline level. In ROI III,
the BMD continued to fall for 1 year, after which
time there was no further significant decrease. The
combined results for HA and non-HA patients are
shown in Table 4 and Figure 5.

When the 3 ROI were averaged to gain an over-
all BMD for the periacetabulum, the overall BMD
fell significantly until 6 months, and then improved
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Table 5. Summary of mean per cent change in BMD
changes measured with the Cambridge cup

Overall mean % change of BMD

at 6 months at 24 months
Cambridge cup -13% —6%
Women with Mecron
threaded titanium cup@ -19% —20%

2 (Sébo et al.)

up to the 2-year level (Table 5 and Figure 5). At
2 years, the overall BMD was still significantly
reduced, owing to the magnitude of the decrease
in ROI III.

Discussion

In our study the BMD measured during follow-up
was compared with early postoperative values for
the affected limb. Following our validation study,
we defined our mean precision error (CV%) as
1.01%, 2.26% and 1.12% for region of interest I,
II and III, respectively. These figures are compa-
rable to those reported by Sébo et al. (1998) (1.3%
+ 0.9%) and slightly lower than those reported by
Wilkinson et al. (2001), 2.5-3.6%.

The rationale for using an early postoperative
scan of the hip under study, rather than a scan of
the contralateral hip or a preoperative scan of the
affected hip, has been explained by Sidbo et al.
(1998). However, all previous studies have been
undertaken on patients who underwent hip replace-
ment for degenerative joint disease. These patients
have varying patterns of altered BMD, either ele-
vated secondary to arthrosis (Nevitt et al. 1995), or
reduced due to bone demineralization from disuse
(LeBlanc et al. 1987, Niinimaki and Jalovaara
1995). Our patients underwent surgery for dis-
placed sub-capital fracture of the femoral neck.
While we recognize that these patients would have
been suffering preoperative osteoporosis, subjects
in our study group were all active and indepen-
dently mobile before their fracture. As all regained
good, independent mobility, the changes that we
have observed should represent the pattern of early
reduced activity during recovery from surgery and
then acetabular bone remodeling in response to

any distortion of loading created by the prosthetic
implant.

Unlike previous studies, our patients all received
components of identical size. In all cases, a 45-
mm modified Thompson hemiarthroplasty was
implanted in conjunction with a Cambridge ace-
tabular component with an outside diameter of 54
mm. The acetabular component was uncemented,
so there was no confounding influence due to
uneven permeation of cement into the periacetabu-
lar bone. These factors improved the accuracy
of the automated metal-removing algorithm and
minimized any component-related variation in our
results.

Wilkinson et al. (2001) queried the use of the 3-
ROI template of De Lee and Charnley (1976) and
have advocated a 4-ROI template to assist in the
delineation of local changes in BMD. We have also
experimented with a variety of templates and can
agree to some extent with the concerns expressed
by Wilkinson et al. However, the 4-ROI template
that they advocated only provides a single ROI
across the superior aspect of the acetabular com-
ponent, and this may compromise delineation of
BMD changes in the main trabecular columns
passing upwards from the load-bearing segment of
the acetabular roof. Rather than introduce a further
template for acetabular analysis, we have used the
De Lee and Charnley (1976) template so that our
results can be compared with all previous reports.

Our findings differ from those of previous reports
in several respects. Firstly, we observed reversal of
an early decline in BMD across the entire load-
bearing segment of the acetabulum. The mean
BMD, of all cups, fell by 11.6% and 10.4% in
ROI I and II respectively, at 6 months. Thereafter,
recovery occurred—with an overall rise of 1.4% in
ROI I and an overall fall of 1.7% in ROI II at 2
years. These figures suggest a near-physiological
load transfer from acetabular component to host
bone in these regions, with avoidance of the rim
loading reported by other authors.

We hypothesize that the persistent decline in
BMD observed in ROI III may be due in part to
the horseshoe shape of the Cambridge cup. The
component has no contact with the bony floor of
the cotyloid fossa and may be underloading the
pubic and ischial elements of the acetabular socket,
which are adjacent to the extremities of the horse-
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shoe. In these regions the polyethylene bearing has
been relieved, to avoid binding with the head of the
femoral component. To date, we have not identified
any clinical, radiographic or post-mortem features
that can be correlated with this decline.

The concept of a flexible acetabular component
remains attractive, and further clinical experience
will be required to evaluate the long-term perfor-
mance of such devices in patients undergoing total
hip arthroplasty for degenerative joint disease.
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