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ABSTRACT

Objectives: To determine risk factors for revision in
patients implanted with a commonly used metal on
metal (MoM) hip replacement.

Design: Retrospective cohort study in combination
with a prospective national retrieval study (Northern
Retrieval Registry (NRR)).

Setting: Combined orthopaedic unit in combination
with the NRR.

Participants: All patients implanted with a DePuy
Pinnacle MoM hip prostheses by the 2 senior authors
were invited to attend for a review which included
clinical examination, blood metal ion measurements,
radiographs and targeted imaging. Explanted
components underwent wear analysis using validated
methodology and these results were compared with
those obtained from the NRR.

Results: 489 MoM Pinnacle hips were implanted into
434 patients (243 females and 191 males). Of these,
352 patients attended the MoM recall clinics. 64
patients had died during the study period. For the
purposes of survival analysis, non-attendees were
assumed to have well-functioning prostheses. The
mean follow-up of the cohort as a whole was

89 months. 71 hips were revised. Prosthetic survival
for the whole cohort was 83.6% (79.9-87.3) at

9 years. The majority of explanted devices exhibited
signs of taper junction failure. Risk factors for revision
were bilateral MoM prostheses, smaller Pinnacle liners,
and implantation in 2006 and later years. A significant
number of devices were found to be manufactured out
of their specifications. This was confirmed with
analysis of the wider data set from the NRR.
Conclusions: This device was found to have an
unacceptably high revision rate. Bilateral prostheses,
those implanted into female patients and devices
implanted in later years were found to be at greater
risk. A significant number of explanted components
were found to be manufactured with bearing diameters

Strengths and limitations of this study

= This is the first study to combine the results of a
patient cohort with those obtained from a
retrieval registry in order to better understand
the performance of a device.

= Previous studies of this device have reported
results from centres with several surgeons and
have not examined the impact of liner size on
prosthetic survival nor considered variations in
manufacturing processes.

= The patient cohort was followed up retrospect-
ively, with 30 patients lost to follow-up.

outside of the manufacturer’s stated tolerances. Our
findings highlight the clinical importance of hitherto
unrecognised variations in device production.

BACKGROUND
There is general acceptance that large diam-
eter metal on metal (MoM) total hip arthro-
plasty (THA) has not lived up to clinical
expectations. Although the use of MoM hip
devices has declined dramatically in the past
5 years,l_4 hundreds of thousands remain in
situ,” with the long-term future uncertain.
Greater understanding of the mechanisms of
prosthetic failure would enable management
strategies to be developed in accordance with
local resources as well as helping to avoid
potential problems with future designs.
Failures of MoM hip arthroplasty have
been attributed to:
1. Device-related factors (design),6 7
2. Device-related factors (manufacturing),’
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3. Surgical factors,9
4. Host factors."’

Device factors (design): Previous publications have shown
that the DePuy (Warsaw, Indiana, USA) ASR Hip System
(which employs a similar taper connection to the DePuy
Pinnacle system with respect to the metallurgy and
morphology) failed because of: a shallow acetabular
component (low coverage arc) predisposing to edge
wear;'' metal debris release from the head neck taper
junction (figure 1);' and the same low diametrical
clearance technology leading to an increased propensity
to edge wear'® and cup loosening."* Diametrical clear-
ance is described in figure 2.

Device factors (manufacturing): The Northern Retrieval
Registry (NRR), directed by one of the authors, analyses
explanted devices from several major hospitals in the
UK on a routine basis. During this analysis, it was found
that a number of Pinnacle devices were manufactured
with lower diametrical clearances than was intended by
the manufacturer. The rate of non-conformance
appeared to increase over time, with Pinnacles manufac-
tured from the year 2006 onwards significantly more
likely to have a clearance value lower than stated to regu-
lators.® These results are described in figure 8 and in
greater detail in online supplementary appendix 2.

Surgical factors: Cup orientation has been shown to
affect wear rates/metal ion release in MoM arthroplasty''
and devices with lower coverage arcs and sharper articu-
lar rims are particularly sensitive to cup position.7 16

Host factors: Our previous investigations and clinical
experience have shown that: adverse reaction to metal
debris (ARMD) is more common in devices with abnor-
mal wear;'” however, soft tissue damage is more strongly
related to lymphocyte-dominated reactions than wear

40.01

=)
Linear wear depth in mm

Figure 1 Coordinate measuring machine (CMM) generated
wear map of a typical failed taper with a deep asymmetrical
groove of wear corresponding to the base of the stem taper.
In this case, the Corail stem has imprinted its ridged form onto
the female taper surface.

rates;'® women appear to more readily mount a negative
immune cascade than men when exposed to equivalent
loads of debris;'? debris from a failing taper junction
appears to be associated with a more intense inflamma-
tory response than an equivalent dose from the bearing
surface.?’ In our own experience, devices with no exces-
sive wear with associated ARMD are commonly found in
patients with bilateral devices implying a process of
sensitisation.”!

The aim of this study was to identify variables asso-
ciated with early failure of the Pinnacle 36 mm MoM
system by a retrospective analysis of all patients
implanted with this device by two experienced hip sur-
geons at our institution. After consideration of the above
factors we hypothesised:

1. Overall failure rates would be higher in female
patients, those who received bilateral prostheses and
in Pinnacles implanted from 2006 onwards.

2. Failures related to excessive bearing surface wear
would be commonest in patients implanted with the
smallest sized Pinnacle shells (ie, thinnest liners).

3. Failures related to taper failure would be more
common than those related to excessive bearing wear.

4. Failures related to taper malfunction would be more
commonly found in patients with Corail stems due to
the negative effect of a short, ridged male taper.22 25

5. The Pinnacle system would be relatively resistant to
the effects of cup position in terms of blood metal
ion release due to its smoother rim and greater arc
of cover conferring protection from edge wear.!' '°
By extension, ARMD would, in general, be unrelated
to cup position.

PATIENTS, IMPLANTS AND METHODS

Patients implanted with a Pinnacle MoM hip prosthesis
in our group of hospitals were identified using all avail-
able records including National Joint Registry (NJR)
reports, operating theatre lists and DePuy sales records.
From this total group of patients, all those with a 36 mm
MoM Pinnacle hip which had been used in conjunction
with an SROM or Corail uncemented stem were identi-
fied. From this subgroup, only those whose components
had been implanted by either of the two senior authors
of this paper (RL and AVFN) were included in this study
(figure 4). RL and AVFN are both specialist consultant
lower limb arthroplasty surgeons. The use of the SROM
stem was dependant on two factors—time and complex-
ity of surgery. Prior to 2006, patients under 70 who were
not suitable for resurfacing or patients of any age where
there were concerns over anatomy (developmental dys-
plasia/Perthes’/SUFE/narrow femoral neck) were con-
sidered for a MoM total hip replacement (THR) using
an SROM. The SROM has a modular junction which
allows the surgeon to rotate the neck in order to com-
pensate for variations in existing anatomy. From 2005
onwards, the Corail was increasingly used, with the
SROM reserved for the more complex cases. Operations
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Figure 2 A Pinnacle head and liner. The red arrows indicate
the small gap between the head and the liner surface which is
the ‘clearance’. Diametrical clearance is calculated by
subtracting the diameter of the head from the diameter of the
liner.

were performed from 2003 to 2009 at two National
Health Service (NHS) hospitals and one private unit. All
bilateral replacements were performed sequentially.
Patients were followed up annually in the NHS. At the
private unit, most patients were discharged after 1 year.
From 2007 to 2011, as our awareness of ARMD began to
increase,'” patients attending clinic who had developed
symptoms were offered blood metal ion testing and
ultrasound scanning if deemed necessary. From 2011
onwards, following general acceptance of widespread
problems with MoM,2 a full recall of Pinnacle MoM
patients was performed, which entailed Harris Hip
Score evaluation, radiographs when necessary and
routine testing of serum and whole blood chromium
(Cr) and cobalt (Co) measurements using high
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Figure 3 The diametrical clearances of all mated (head and
cup combinations) used in Pinnacle MoM hips received at the
Northern Retrieval Registry (NRR) to present date. The red
unbroken line represents the nominal target clearance with the
outer broken red lines indicating the upper and lower
tolerance bands. Five out of the 43 (12%) hips implanted prior
to 2006 were found to be below the lower tolerance band
compared with 43 out of 118 (36%) implanted from 2006
onwards.

resolution inductively coupled plasma mass spectrometry
(ICPMS). Einzel-Bild-Roentgen-Analyse (EBRA) analysis
of standing radiographs was performed as previously
described.”

A general protocol was put in place based on our clin-
ical experience. This is described in figure 5. Ultrasound
scans were performed by one senior musculoskeletal
radiologist with extensive experience in the diagnosis of
ARMD. Revision findings were recorded according to a
gross scoring system we have previously used.'® Likewise,
histological findings were documented using previously
published methods.**

The Pinnacle MoM THR system

The Pinnacle shell is a porous coated titanium (Ti) alloy
shell which accommodates the Ultamet metal liner which
is available in varying thicknesses. The size of the
implanted Pinnacle shell is largely dictated by the patient’s
anatomy. In this study, all patients received a standardised
liner with a 36 mm internal bearing surface. As shells
become larger, because the mating liner is a standardised
size, by necessity the wall of the liner must become thicker
in order to press fit into the larger diameter shell (figure
6). The liner and femoral head are wrought high carbon
content alloys. The clearance for this bearing surface is
stated as 100 pm+20 pm. The 160° subhemispherical
bearing surface does not vary with the thickness of the
liner. The femoral head is manufactured in two forms:
The 11/13 for use with the SROM stem (the Ultamet) and
the 12/14 head which can be used with the Corail stem
(the Articuleze). Both stems are uncemented stems and
from the same Ti alloy. The 11/13 head has a taper angle
range of approximately 5.95-6.01°. The equivalent range
for the 12/14 head is 5.57-5.72°.

Explant analysis

Explanted Pinnacle femoral head, head tapers and acetab-
ular liners underwent dimensional and volumetric wear
analysis using previously described methodology. This was
conducted by one of the authors (DJL) at Newcastle
University and North Tees Explant Centre. The accuracy of
these techniques has been discussed in detail in previous
publications.” The retrieved explants were designated as
exhibiting: ‘bearing failure’ if the combined mean volumet-
ric wear rate of the head and cup was measured as >2 mm”®
per year”® and the maximum wear depths were measured
at the edge of the cup (edge wear); ‘taper failure’ if mater-
ial loss from the female taper surface was >0.5 mm® and
the pattern of material loss showed hallmark asymmetric
distribution with an obvious circumferential trough of wear
(fAigure 1)27; ‘mixed failure’ if both of the above character-
istics were present; or ‘no abnormal wear’.

The explant results presented in the main body of this
paper represent only those derived from the failed pros-
theses of the patient group in this study. The results pre-
sented in figure 2 and supplementary appendix 2 are
generated from the pool of Pinnacle MoM devices
received at the NRR.
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Figure 4 A flow chart to
illustrate the participants involved
in the various survival analyses.
NHS, National Health Service.

All Pinnacle 36mm metal
on metal hips implanted at
NHS and private facilities

N =936 Revision
procedures/implantations by
other surgeons/Pinnacles used

with other types of stem

Primary procedures N =447
performed by RKL/AVFN
with use of SROM or Corail
femoral stem
N =489
64 deaths during the

study period. These joints
censored as “not failed”

A4

at time of death.

A 4

Kaplan Meier analysis
conducted with all joints
included in analysis

N =489

A 4

=51

Cox proportional hazards
modelling: all cause revision.

Joints failed after six years of
surgery (N=20) and non-failed
joints with less than six years of
follow up removed (N=49).

Number of unrevised joints in
model = 369

Number of revised joints in model

Cox proportional hazards
modelling: bearing failure as
demonstrated on explant
analysis.

Cox proportional hazards

modelling: taper failure as

demonstrated on explant
analysis.

Joints with bearing failure
occurring after six years of
surgery (N=8) and joints
without proven bearing failure
with less than six years of
follow up (N=74) removed.

Joints with taper failure
occurring after six years of
surgery (N=16) and joints
without proven taper failure not
reaching six years of follow up
(N=74) removed.

Number of joints in hazards Number of unrevised joints in

Survival analysis

Joints were censored as ‘failed’ if they had been revised
or the patient had been listed for revision surgery at the
time of writing. Deceased patients were assumed to have
a wellfunctioning joint at the time of death. Patients
who were lost to follow-up were also assumed to have
well-functioning prostheses. Joint survival analysis of the
cohort as a whole was conducted initially to determine
the predicted 9-year survival of the male and female
cohorts using Kaplan-Meier analysis. Differences in sur-
vival between groups were assessed for significance using
the log-rank test. Cox proportional hazards modelling
was then used to analyse the effect of sex, age, implant-
ation pre-2006 or post-2006, bilaterality, liner size,
surgeon and stem type on risk of revision. The model
was used initially to determine the risk of early revision
for all-cause clinical failure. The model was then
repeated to determine the risk of biomechanical failure
as determined by the results of the explant analysis, that
is, the risk of revision associated with ‘bearing failure’

model without proven bearing
failure = 381

hazards model without proven
taper failure = 373

Number of joints in hazards
model with taper failure = 26

Number of joints in hazards
model with bearing failure = 26

and risk of revision associated with ‘taper failure’. As
liners of size 50 mm were only introduced from 2008
onwards, and as we were investigating the effect of early
versus late implantation, there was a concern over data
bias. Hazards modelling was therefore conducted using
data only of patients who were followed up for at least
6 years or whose joints had failed before 6 years, result-
ing in the removal of 69 patients for all-cause revision,
82 for revision in association with bearing failure and 90
for revision associated with taper failure (figure 4).

It is hospital policy to consent patients prior to revi-
sion surgery for the storage and analysis of all explanted
orthopaedic devices.

RESULTS

In total, 489 Pinnacle hips were implanted into 434
patients (243 females and 191 males). Of these, 352
patients attended the MoM recall clinics. Sixty-four
patients had died during the study period. For the

4
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Mild/marked or
severe pain

Figure 5 A flow chart to No or slight pain

illustrate the investigation

pathways for the participants in
the study.

A 4

Blood metal ions

Blood metal ions

N

Cobalt > 4ug/| Cobalt < 4ug/|

A

v

Aspiration under local anaesthetic for culture
and sensitivity and measurement of joint fluid v
Co and Cr concentrations

Ultrasound/MRI scan

Follow up in one year

/

Mass identified on ultrasound
and/or large volume/grossly
abnormal fluid aspirate fluid

No abnormalities on imaging;
normal volume/appearance of hip

A4

Revision offered

‘ ‘ Review in six months

purposes of survival analysis, non-attendees were
assumed to have well-functioning prostheses. The mean
follow-up of the cohort as a whole was 89 months (table
1).

All but one of the revisions were carried out for
ARMD, with one revision for a loose cup. Prosthetic sur-
vival rate for the cohort as a whole was 83.6% (79.9—
87.3) at 9years. In only one case was no abnormal fluid
identified at revision. In 53 cases (75%), copious
amounts of fluid were found, and in 32 (45%), it was
noted to be under pressure or had fistulated through
the capsule. Obvious damage to the abductor muscula-
ture was noted in 38 cases. Moderate-to-severe aseptic

lymphocyte dominated vasculitis associated lesion
(ALVAL) was documented on examination of retrieved
tissues in 36 cases (51%). In 13 cases (19%), histological
findings were solely those of metallosis with no lympho-
cytic infiltration identified.

Explant analysis

Volumetric wear rates of the bearing and female taper
surfaces are listed in table 3. Taper wear was associated
with a female taper angle at the larger end of the
device’s tolerance band and an increased femoral head
offset. A multiple regression model using the complete
NRR data set (see online supplementary appendix 1)

v o ~ ©
.
.

Liner wall thickness (mm)

IS
.

50 52 54 56 58 60 62 64 66
Liner size (mm)

Figure 6 The relationship between liner thickness and shell size. On the left, the relatively thick liner of a 60 mm prosthesis is
seen in comparison with a 52 mm liner. The head in both cases is the standard 36 mm diameter component. As can be seen on
the right, liner walls become progressively thicker as the liner size increases.
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Table 1 Patient demographics
Corail Pinnacles SROM Pinnacles
Patients 307 127
Joints 348 141
Surgeon 1 vs 2 254:94 120:21
M:F joints 140:208 67:74
Number with bilateral MoMs 87 (25%) 13 (9%)
Mean age in years 67 63
Per cent with degenerative osteoarthritis 86.7 80
Median liner size in mm (range) 52 (50-66) 54 (50-66)
Per cent Xrays and HHS score available 82.9 77.3
Median inclination angle (°) of acetabular component (range) 43.9 (26.1-61.9) 45.6 (26.0-65.6)
Median anteversion angle of the acetabular component in degrees 14.4 (0-47.3) 18.6 (4.6—45.6)
Median (range) femoral head offset 5 (-2 to +12) 6 (0-9)

The early (pre-2006) and late implantation cohorts are shown in table 2.

HHS, Harris Hip Score; F, female; M, male; MoM, metal on metal.

showed, however, that duration in vivo and surface finish
of the male and female taper surfaces were the domin-
ant variables associated with taper wear. Online supple-
mentary appendix 1 also provides a detailed analysis of
the change in bearing dimensions over time, again
derived from the NRR data set.

Hypothesis 1: Failure rates would be higher in female
patients and in those who received bilateral prostheses
and in Pinnacles implanted from 2006 onwards.

Female hips, with a predicted survival of 77.9% (72.2—-
83.6) at 9years had a significantly higher failure rate
than male hips at the same length of follow-up (male
survival 91.4% (87.4-95.5); p=0.001; figure 7). However,
there were only 31 bilateral male hips compared with 69
bilateral female hips. Pinnacles in patients with bilateral
MoM hips had a significantly lower survival rate than in
patients with unilateral Pinnacles (73.7% (64.4-82.9) vs
86.2% (82.2-90.2; p<0.001)) at 9years, respectively
(figure 8). Cox proportional hazards model identified
only the presence of bilateral joints and the late cohort
as significant risk factors for all-cause revision; however,

Table 2 Patient demographics of the early versus the late
implantation cohort

Pre-2006 2006
(early onwards
cohort) (late)
Joints 141 348
M:F joints 74:67 133:215
Number bilateral MoMs 21 (14.9%) 79 (22.7%)
Corail:SROM 44:97 304:44
Mean age in years 62 67
Median liner size in mm 54 (52—66) 52 (50-66)
(range)
Predicted joint survival/survival 94.1% 81.1%
at 8 years (89.1-98.1) (76.7-85.5)

At the time of writing, 71 Pinnacles had been revised (table 3).
F, female; M, male; MoM, metal on metal.

there was a trend towards increasing risk of revision with
smaller liner sizes (table 4).

With this analysis repeated using liner sizes as
categorical variables, liner sizes 50 and 52 mm were
found to be significant risk factors for early revision. To
confirm the legitimacy of this model, a log-rank test was
performed between bilateral (n=45) and unilateral
female (n=86) Corail Pinnacles of the commonest
female liner size (52 mm). The survival rate of the
bilateral Pinnacles was significantly lower (63.1% (48.6-
77.6) vs 84.9% (76.9-92.8) at 8 years (p=0.003)). As sex
and liner size were clearly correlated, the impact of liner
size versus sex was further investigated by including only
patients with unilateral joints with liner sizes 52 and
54 mm (the liner sizes with the most even distribution of
male and female patients). This analysis again found
that a smaller liner size had a greater impact on pros-
thetic failure than patient sex (liner size 54 mm HR
0.340 (0.116-0.999; p=0.050) vs male sex HR 1.082
(p=0.859)).

Hypothesis 2: Failures related to bearing failure would be
commonest in patients with smaller liners.

Larger liners and earlier date of implantation were
associated with a significantly reduced risk of revision
(table 4 and figure 9).

Hypothesis 3: Failures related to taper failure would be
more common than those related to excessive bearing
wear. Fifty of the 71 (70%) failures involved taper
failure. Thirty-four failures (48%) involved bearing
failure. Volumetric wear results obtained from bearing
and taper surface analyses are listed in table 3. Analysis
of wear rates of explants retrieved from patients with
bilateral MoM prostheses revealed a significantly lower
median wear rate from the CoCr surfaces than in those
retrieved from unilateral patients (table 3).

Hypothesis 4: Failures related to taper failure would be
more commonly found in patients with Corail stems.

The Corail stem was not significantly associated with a
greater risk of taper failure than the SROM stem. Only
the presence of bilateral MoM joints and later

Langton DJ, et al. BMJ Open 2016;6:e007847. doi:10.1136/bmjopen-2015-007847
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Table 3 Details of revision cases

Total number of joints revised 71
Mean time to failure (months) 52 (11.5-112)

Failed Non-failed Significance
Males vs females 16:55 191:227 <0.001
Bilateral vs unilateral 24:47 76:342 <0.001
Median age 66 68 0.052
Median (range) HHS 66 (23—100) 91 (28-100) <0.001
Median liner size male 55 56 0.591
Median liner size female 52 52 0.146
Median (range) acetabular inclination (°) 42.8 (32.5-55.9) 44.6 (26-65.6) 0.053
Median (range) acetabular anteversion (°) 13.0 (1.8-34.8) 16.2 (0-47.3) 0.005
Median (range) blood Cr unilaterals (ug/L) 3.62 (0.88-26.2) 4.580 (0.37-20.3) <0.001
Median (range) blood Co unilaterals (ug/L) 3.62 (0.86-19.7) 1.48 (0.33-12.5) <0.001
Median (range) blood Cr bilaterals (pg/L) 9.72 (0.47-26.3) 6.15 (0.8-18.4) 0.001
Median (range) blood Co bilaterals (pg/L) 9.54 (1.42-27.0) 3.39 (0.33-22.1) <0.001

Unilaterals Bilaterals Significance
Median (range) bearing surface wear rates (mm?® per year) 1.92 (0.23-8.37) 0.88 (0.23-7.43) 0.007
Median (range) combined wear rates (mm?® per year) 2.19 (0.35-8.43) 1.57 (0.29-8.13) 0.038

SROM Pinnacles Corail Pinnacles Significance
Median (range) female taper wear rates (mm® per year) 0.04 (0-0.50) 0.21 (0-2.20) <0.001

It can be seen that failed joints were more likely to have cups placed at lower angles of inclination and lower anteversion, though the positions
in which they were placed would generally be regarded as acceptable. A full discussion of the implications of this finding is beyond the scope
of this paper. It was a result, however, which was in direct contrast to our previous findings with the ASR device.'®

HHS, Harris Hip Score.

implantation date were associated with a greater risk of
revision associated with taper failure (table 4).

Hypothesis 5: The Pinnacle system would be relatively
resistant to the effects of cup position and ARMD would,
in general, be unrelated to cup position.

The statistical analysis is described in detail in online
supplementary appendix 1. The variable with the great-
est power to explain the variation in blood Co and Cr
was liner size (figure 10). Liner size, duration from
primary procedure to venesection and cup angles of

0.95
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0.85 +

0.8 +

0.75 +

0.7

0.65

0.6

0.55 +

0.5 f f f

0 20 40 60 80 100

Follow up (months)

——Female ——Male

Figure 7 Kaplan—Meier survival curves of male and female
hips, all patients included in analysis, all-cause revision.

inclination and anteversion were found to explain
approximately only 12% of the variation in the Cr metal
ion results and only 5% of the variation in the Co
results. Patients with cups placed in accordance with the
latest version of the Pinnacle surgical manual®® (40-45°
inclination and 10-20° of anteversion) had a median Co
concentration greater than all other unilateral patients
(1.89 vs 1.69 pg/L; p=0.445) and a significantly lower
survival rate (69.9% (49.3-89.7) vs 82.7% (78.4-87%))
at 9 years (where X-rays were unavailable for analysis cup
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09
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0.8
0.75 +

0.7 +
0.65 +
0.6

0.55

0.5 f 1 f
0 20 40 60 80 100

Follow up (months)
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Figure 8 Kaplan—Meier survival curves of unilateral versus
bilateral Pinnacle MoM prostheses, all patients included in
analysis, all-cause revision.
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Table 4 Cox proportional hazards model results with
joints censored initially for all-cause revision, then for
‘bearing failure’ and ‘taper failure’

Lower Upper
HR Pr>yx*> 95%Cl  95%Cl

Proportional hazards model for all-cause revision (N=489)
Bilaterality 2.408 <0.001 1.478 3.925
Liner size 0.862 0.070 0.733 1.012
Surgeon 0.966 0.950 0.559 1.669
Age 0.984 0.229 0.959 1.010
Male sex 1.619 0.167 0.818 3.205
Corail stem 1.596 0.136 0.864 2.950
Early cohort 0.096 0.002 0.022 0.424

Proportional hazards model for revision associated with
bearing failure (N=407)

Bilaterality 1.837 0.162 0.783 4.306
Liner size 0.744 0.028 0.572 0.968
Surgeon 0.742 0.498 0.337 1.815
Age 0.980 0.130 0.959 1.005
Male sex 0.922 0.889 0.690 2.967
SROM stem 0.901 0.866 0.266 3.045
Early cohort 0.041 0.003 0.005 0.327

Proportional hazards model for revision associated with
taper failure (N=399)

Bilaterality 2.869 0.009 1.290 6.295
Liner size 0.936 0.530 0.760 1.152
Surgeon 0.888 0.793 0.366 2.154
Age 0.980 0.980 0.940 1.023
Male sex 0.615 0.401 0.198 1.910
SROM stem 1.523 0.45 0.505 4,593
Early cohort 0.936 0.033 0.760 1.152

Statistically significant variables are shown in bold.

position was assumed optimal in order to provide the
worst outcome scenario for this patient group).
Cumulative revision rates (for all-cause revision) with
numbers at risk in the various survival analyses described
above are given in online supplementary appendix 3.
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Figure 9 Kaplan—Meier survival curves for Pinnacle metal
on metal hips implanted into female patients belonging to the
late cohort (all-cause revision).
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Figure 10 In this box and whisker chart, unilateral patients

were grouped according to liner sizes and the blood Co
distributions plotted (blood Co concentrations measured in

pg/L).

DISCUSSION

While the exact number of 36 mm MoM Pinnacle
implantations is not publicly known, a rough estimate
can be extrapolated from the information from DePuy
sales records released in the ongoing DePuy litigation
proceedings.”” *" Approximately 93 000 ASRs were sold
globally, with around 6000 reported in the NJR of
England and Wales. The 2014 Annual NJR Report lists
11871 MoM Pinnacle implantations. If England and
Wales represent the same proportion of Pinnacle as ASR
implantations then it is not unreasonable to suggest that
the Pinnacle MoM system has been implanted into over
180 000 patients globally, making it the most commonly
used large diameter MoM THR in the world.

There is a sharp contrast between the reported per-
formance of the Pinnacle MoM in North America com-
pared with Europe (table 5). It is not clear why this is,
although examination of the literature reveals an
American preference for the use of CoCr uncemented
stems and a heavier financial influence from manufac-
turers in American studies.”” There appears to be a stric-
ter consensus guidance-directed follow-up in Europe
following a more aggressive management stance from
European regulators such as the medicines and health-
care regulatory agency (MHRA).”" Pinnacles in the
American studies were also, in general, implanted
earlier. This is the first study of its kind to combine clin-
ical data, blood ion concentrations and explant analysis
in an attempt to better understand the performance of
this widely used device.

Up until recently, the existing work on the MoM
Pinnacle focused mainly on blood ion concentrations
rather than survivorship. Engh et af’* reported on metal
ion concentrations in patients implanted with 36 mm
MoM Pinnacle devices and compared them to the
results of patients with 28 mm MoM Pinnacles. Accepted
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tribological theory indicates that the larger 36 mm
bearing should exhibit lower bearing wear rates due to
an improved lubricating regime.33 In their comparison
of the two groups, the authors noted: ‘although it is
reassuring that the levels were not different, the ques-
tion remains why the 36 mm MoM ion levels were not
lower’. The same surgical group subsequently studied
the incidence of adverse local tissue reactions in their
patients. They described a survivorship analysis of their
945 36 mm MoM Pinnacle hips which revealed a 1%
chance at 3 years that tissue retrieved at revision consist-
ent with a reaction to a MoM bearing would be
identified.**

Recently, Barrett et al published the results of a multi-
centre investigation into the incidence of Pinnacle MoM
revision for ARMD. Barrett et al surmised that the results
represented good survivorship and a low incidence of
ARMD at up to 5-year follow-up. We have reservations
about these conclusions as radiographic evaluation of
postoperative cup inclination was obtained in only 420
(54%) of the 779 patients and in only 6 of 7 revision
cases.

The survival rate of the Pinnacle MoM at our unit
(83.6% at 9years) is consistent with recent studies by
investigators who conducted more rigorous follow-up in
keeping with consensus guidelines.2 Matharu e al®
described a cumulative survival rate of the Corail
Pinnacle MoM system at 8 years of 88.9% (78.5-93.4).
Most recently, Lainiala et al® reported an overall survival
rate of 86% (82-90) at 9 years with the Pinnacle MoM
bearing system used primarily in combination with the
Summit stem. Both groups noted a trend, albeit a non-
significant one, towards an increased failure rate in
female patients. Unfortunately, neither of the studies
examined the impact of liner size on prosthetic survival.
The absence of liner size as a risk factor in a statistical
analysis may have reduced the impact of other variables,
most notably the presence of bilateral MoM joints. This
may provide some explanation for the differing conclu-
sions between authors.

In the current paper, Corail stems were associated with
greater blood Co concentrations and greater taper wear
rates than SROMs (see online supplementary appendi-
ces 1 and 2). However, this did not equate to an increase
in taper failure identified on explant analysis or revision
rate. This result is at odds with DePuy’s own internal
studies which found a 5-year revision rate of the Corail
Pinnacle of 14.1% vs 4.78% for the SROM Pinnacle
MoM systems.” We have yet to identify clear evidence of
mechanically assisted crevice corrosion”’—the classical
theory of taper failure—and thus do not believe that a
CoCr on CoCr head stem combination protects from
this mode of failure. The use of mixed metallurgy hip
systems therefore should not entirely explain the differ-
ence in failure rates between the North American and
European studies. Other factors appear to be more
important than stem type in the success or failure of the
device.

An important consideration in the failure of the
Pinnacle MoM hip is that of variation brought about by
manufacturing processes. Following analysis of a large
collection of MoM devices obtained via the NRR, we
have previously reported that a number of components
used in the Pinnacle hip system were produced with dia-
metrical clearances outside of the manufacturers’ stated
tolerances.” Components produced from 2006 onwards
appeared to be the most commonly affected (figure 3
and online supplementary appendix 2). Lower clear-
ances render bearings vulnerable to clamping/lubricant
starvation should the cups deflect greater than expected
when press fit into the acetabulum.” Even in the
absence of frank clamping, liner distortion can alter the
tribological properties of the bearings leading to
increased friction, which in turn renders a prosthesis
susceptible to increased wear from the bearing or taper
surfaces.” Squire et al® showed that Pinnacle Ti shells
undergo large dimensional changes when press fit into
the acetabulum. They demonstrated that shells of size
50 mm, 52 mm and 54 mm have similar stiffnesses, yet
the corresponding liners have walls which decrease in
thickness as shell sizes decrease. This can be seen clearly
in figure 6. Smaller diameter liners therefore would
likely be the most vulnerable to deflection and this is
something we have shown in a small unpublished study
using sawbones. Liner deflection may well explain why
smaller Pinnacle liner sizes were associated with higher
blood ion concentrations (figure 10) and a higher
failure rate (figure 9).

We observed great variation (apparently random,
varying between batches) in the as manufactured
surface finish of the female taper surfaces. It appears
that this surface finish, as is the case with male taper
roughness, is a critical factor in material loss at this junc-
tion (see online supplementary appendix 2). Without a
large number of sterile implants from the different years
of manufacture, however, it is currently impossible to
know whether variation in taper surface finishes in and
of itself explains the difference in failure rates between
the patient cohorts pre-2006 and post-2006. At present,
there appears to be no clear relationship between date
of manufacture and taper roughness. We therefore
believe that the increased failure rate of the late cohort
is more likely explained by the increasing tendency in
later years to produce devices with very low clearances.
This would have the knock on effect of placing the
taper junction under greater stress from increased fric-
tional forces generated from the bearing surfaces.

We did not identify a strong relationship between acet-
abular cup orientation and blood ion concentrations in
this large data set and we can conclude definitively that
failures in this series were not brought about by inaccur-
ate cup placement. These results are consistent with
Matharu et als,”® Smith et als' and Lainiala et als.*®
There was however a trend towards larger blood Co con-
centrations with longer follow-up and in patients
implanted with Corail stems. This was not the case with
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respect to Cr. At lower levels, increased Co concentra-
tions relative to Cr are indicative of taper failure—direct
physical evidence of which was obtained from explant
analysis. This confirmed that in 50% of the explants,
there was no excessive wear from the bearing surfaces,
yet taper failure had occurred in 50 of 71 retrieved
Pinnacles. The b5-year follow-up study on 36 mm
Pinnacle metal ions by the Engh group found changes
similar to ours—a Co level that rises significantly over
time in the absence of a corresponding change in Cr.
We believe that the patients in Engh’s cohort were
experiencing the phenomena we describe in this
paper.”!

The issue of progressive taper damage over time is dis-
turbing as smaller amounts of taper debris are associated
with greater tissue damage than equivalent doses from
the bearing surfaces.”” We have stated previously that
total metal dose itself does not explain the variation in
soft tissue damage/extent of ARMD observation at revi-
sion surgery.18 In fact, in our experience, a patient
implanted with a prosthesis experiencing extremely high
rates of volumetric wear with massive concentrations of
metal ions in the periprosthetic tissue develop extensive
soft tissue injury relatively infrequently.'” Soft tissue
damage is often associated with heavy lymphocyte infil-
tration implying that it is the immune response that is
integral to the development of tissue necrosis rather
than a direct toxic insult. It is likely therefore that debris
released from taper junctions is more immunogenic. We
also found that patients with bilateral joints were at sig-
nificantly greater risk of developing ARMD. This obser-
vation is also compatible with the process of a patient
becoming sensitised to excessive metal debris from a
malfunctioning joint, with a negative immune cascade
subsequently precipitated by small amounts of metal
generated from a well-functioning joint.*'

Female patients were at greater risk of early device
failure. This is a finding reported on multiple occasions
by multiple sources.'” Unfortunately, despite the stand-
ardisation of the bearing diameters in this study, the
shell sizes and thus thicknesses of the liners were a crit-
ical confounding variable. Indeed the Cox proportional
hazard model described herein to analyse the risk of
bearing failure found that liner size and/or earlier year
of liner manufacture was a greater threat to prosthetic
survival than patient sex. This analysis needs to be
repeated, ideally with National Joint Registry statistics.

Finally, a significant number of patients were lost to
follow-up. We have assumed in our survival analyses that
these patients are asymptomatic at present. This is a
major assumption and joint survival rates reported
herein are likely to represent ‘best outcome scenario’.

In summary, in patient cohorts undergoing contem-
porary MoM follow-up, the Pinnacle MoM device has a
high mid-term failure rate, meaning tens of thousands
of patients around the world are at risk of early revision
surgery. Optimal cup orientation does not afford protec-
tion to the patient. The presence of bilateral MoM

prostheses appears to increase the risk of joint failure.
Other risk factors appear to be smaller liner sizes and
female sex. Variations in manufacturing may play a sig-
nificant role in prosthetic failure and we recommend
further investigation using larger data sets. Taper failure
appears to be time dependent and a rising Co level
should alert the clinician.

In general, however, the wear rates of the MoM
bearing surfaces retrieved from patients in this series
were low. Consistent with this observation, we found that
the clinical performance of unilateral Pinnacle hips pro-
duced before 2006 was extremely encouraging, provid-
ing some evidence that MoM technology can in certain
circumstances be used successfully if taper junctions are
suitably optimised.
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