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Abstract: Recently, concerns have been raised about the potential effect of head-neck junction
damage products at the local and systemic levels. Factors that may affect this damage process have
not been fully established yet. This study investigated the possible correlations among head-neck
junction damage level, implant design, material combination, and patient characteristics. Head-neck
junctions of 148 retrieved implants were analysed, including both ceramic-on-ceramic (N = 61) and
metal-on-metal (N = 87) bearings. In all cases, the male taper was made of titanium alloy. Damage was
evaluated using a four-point scoring system based on damage morphology and extension. Patient age
at implantation, implantation time, damage risk factor, and serum ion concentration were considered
as independent potential predicting variables. The damage risk factor summarises head-neck design
characteristics and junction loading condition. Junction damage correlated with both implantation
time and damage factor risk when the head was made of ceramic. A poor correlation was found when
the head was made of cobalt alloy. The fretting-corrosion phenomenon seemed mainly mechanically
regulated, at least when cobalt alloy components were not involved. When a component was made
of cobalt alloy, the role of chemical phenomena increased, likely becoming, over implantation time,
the damage driving phenomena of highly stressed junctions.

Keywords: total hip replacements; hard-on-hard bearings; head-neck junction; fretting corrosion

1. Introduction

Contemporary designs of total hip arthroplasties (THAs) include a femoral head-neck junction
(HNJ). The modular head became popular in the 1980s for the advantages that this solution can
offer during implant and revision, as well as in terms of implant inventory and available bearing
options [1,2].

However, HNJ, like all self-locking taper junctions, is at risk of disassembly, mechanical
failure, or junction surface damage [3]. Clinical studies have shown that the occurrence of head
disassembly—often secondary to hip dislocation or accidents—or of mechanical failure of the male
taper is rare [4–11]. Therefore, the major concern is about HNJ damage occurring in vivo. HNJ damage
can lead to metal debris, degradation products, or ions release. This cause for concern was already
acknowledged in the decades following head modularity introduction [3,12]. The phenomena, which
can take place within the HNJ, were largely investigated and described in the 1990s [13–16]. A role
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of metal degradation products in the pathogenesis of aseptic loosening was hypothesised [17–19].
Additionally, there was concern about potential local or systemic adverse biologic response [20–22].
However, to the authors’ knowledge, only two cases of adverse soft tissue reaction were reported in
those decades [23,24] and the subsequent clinical experience with small-diameter (28–32 mm) modular
head designs confirmed good to excellent long-term outcomes [25,26].

In the 2000s, prosthetic designs evolved toward larger diameter heads in order to simulate
native joint dimensions more closely. Larger diameter heads increase joint stability and range of
motion [27], and seem to assure more normal hip kinematics and functionality [28–31]. However,
following the introduction of large-diameter hard bearings, HNJ damage has become a cause of failure
of THAs [32–34]. Symptomatic adverse local tissue reactions have been found in association with
damage products of HNJ [34–37]. The term ‘trunnionosis’ (or ‘trunnionitis’) was created to describe
in vivo damage of HNJ or, more in general, of self-locking taper junctions [38]. Therefore, new attention
was focused on in vivo damage of the HNJ.

The phenomenon that takes place within the HNJ is a mechanically assisted corrosion [39],
also referred to as fretting corrosion. Theoretically, both implant design and material combination
should play a role in the behaviour of HNJ in vivo, but their role is still debated due to inconsistent
findings. In fact, analyses of retrieved HNJ suggest that flexural rigidity of the male taper (also
called trunnion) plays a role in HNJ damage [40], although a more recent study shows that the
damage seems to be independent of differences in taper size [41]. Conversely, another study suggests
that the engagement length, together with male taper diameter, affects HNJ damage [42]. Similarly,
frictional torque increases with the head diameter [43], which should raise the risk of HNJ damage
in large-diameter bearings [44,45]. Indeed, the damage found in HNJs with 36 mm heads was found
to be greater than the one observed in 28 mm head junctions [46]. However, more recently HNJ
damage has been found to be unrelated to head diameter, at least in metal-on-polyethylene THAs [47].
In brief, there is not unanimity on the factors that may affect the damage process and the subject is
still controversial.

This study investigated the possible correlations among damage occurred in vivo within the HNJ
and implant design, as well as HNJ material combination and patient characteristics.

2. Materials and Methods

The retrieved implants analysed in the present study were collected within the frame of the
REPO project (Register of the Orthopaedic Prosthetic Retrievals). The inclusion criteria required that
(i) HNJ had to be a 12/14 taper; (ii) if the head included an adapter sleeve, the adapter sleeve-neck
junction had to be a 12/14 taper and be made of the same alloy of the head; (iii) the bearing surface
had to be an hard-bearing couple, i.e., ceramic on ceramic (CoC) or metal on metal (MoM); (iv) the
male taper had to be made of titanium alloy (Ti-alloy); and (v) no signs of mechanical (i.e., fracture of
a component, such as head fracture, or even partial fracture, such as insert chipping) or tribological
(i.e., joint surface damage due to edge loading condition or massive wear) damage had to be visible on
the retrieved components.

A total of 148 retrieved implants were eligible for this study. All retrieved implants were classified
on the basis of their hard bearing couple (CoC or MoM). When the head included an adapter sleeve,
this did not affect implant classification because it was made of the same alloy of the head. Patient
height, weight, body mass index (BMI), age at implantation, implantation time, and reason for implant
revision were collected. Clinical information is listed in Table 1. There was no significant difference in
patient age at implantation, height, weight, BMI, or implantation time.
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Table 1. Clinical information and reasons for revision for all 148 retrieved implants.

Bearing Couple Ceramic on Ceramic Metal on Metal Mann-Whitney U
(p Value)12/14 Male Taper Material Titanium Alloy Titanium Alloy

Clinical Information (Mean ± SD)

Age at implantation (year) 55.5 ± 12.9 54.2 ± 13.1 0.52
Height (cm) 169 ± 11 167 ± 11 0.32
Weight (kg) 80 ± 19 75 ± 19 0.20

BMI (kg/m2) 27 ± 5 26 ± 5 0.22
Implantation time (year) 5.6 ± 4.6 5.8 ± 3.2 0.32

Reason for Implant Revision (Number of Retrieved Implants)

Aseptic loosening 33 46
Infection 16 11

Periprosthetic femoral fracture 6 5
Adverse local tissue reaction / 21

Pain 2 3
Recurrent dislocation 4 1

Total number of retrieved implants 61 87
Heads including an adapter sleeve / 40 *

* All adapter sleeves were made of cobalt alloy.

All retrieved implants were soaked in 70% alcohol for 24 h. They were then disassembled and
ultrasonically washed twice in distilled water for 15 min and left to dry in air. Damage occurring
within the HNJ was evaluated using the four-point scoring system based on the damage morphology
and extension proposed by Goldberg and co-workers [40]. When the head included an adapter sleeve,
the head-adapter sleeve junction was also analysed and scored, although these observations were not
pooled with those made on the 12/14 junction and were discussed separately. All retrieved implants
were evaluated independently by three operators in blind condition, i.e., without information about
the implant history. All operators evaluated the proximal, middle, and distal surface of the junction
to come to an agreed score for each region. The three scores were averaged determining the global
score used in the statistical analysis. The operators also selected some implants showing high damage
levels for subsequent scanning electron microscope (SEM) observations (Zeiss EVO MA10, Carl Zeiss,
Oberkochen, Germany) and energy dispersive X-ray (EDX) analysis (Oxford INCA energy 200, Oxford
Instruments Analytical, Wycombe, UK) in order to elicit what may have taken place within the HNJ.

In fretting corrosion, physiological loads play a crucial role as they cause the micromotion
occurring at the mating surfaces of the junction. Since no detailed information was available about
load history of the retrieved implants, age and BMI were used as rough indicators of the patient’s
physical activity level. Beside its occurrence rate, the load magnitude an implant is exposed to is very
important. Hip loads correlate to patient body weight (BW) [48–51], which was known for all the
patients. The line of action of the physiological load is not aligned with the HNJ axis. Therefore, in a
theoretical frictionless condition, the force acting on the centre of the femoral head can be split into
two components, an axial force and an orthogonal force with respect to HNJ axis (Figure 1). The lever
arm of the orthogonal force determines the acting bending moment. The distance between the centre
of the femoral head and the centre of the taper contact area sets the difference of micromotion of
opposite sides of the mating surfaces, i.e., as the distance increases, the micromotion switches from
pistoning to rocking [52]. Therefore, the distance between the centre of the head and the centroid level
of the 12/14 taper contact area, referred to as the head-taper offset (HTO) (Figure 2), was determined
by measuring the distance between the head centre and the engagement level by means of a height
gauge, while keeping the 12/14 male taper axis oriented vertically, and subtracting the centroid height
(see below). When the head included an adapter sleeve, the distance between the centre of the head
and the centroid level of the adapter sleeve contact surface was also determined (Figure 2). Hence, in a
theoretical frictionless condition, the bending moment acting on HNJ is proportional to BW and HTO,
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although its magnitude depends on the specific task and inclination of the force with respect to the
HNJ axis.

Materials 2017, 10, 733  4 of 15 

 

proportional to BW and HTO, although its magnitude depends on the specific task and inclination of 
the force with respect to the HNJ axis. 
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Figure 2. Left: head-taper offset when the head is assembled on a 12/14 male taper; Right: head-adapter 
sleeve and head-taper offset when an adapter sleeve is included. 

Since prosthetic joint friction cannot be neglected, a frictional moment must also be introduced. 
The frictional moment can be split into two components, a torsional moment and a bending moment 
(Figure 1) [53]. The bending moment acting on the HNJ, due to friction, is proportional to BW, the 
head radius (HR), and the coefficient of friction (µ) of the joint. However, its magnitude depends on 
the specific task and on the instantaneous direction of the rotation of the head with respect to the 
HNJ axis [53]. A µ value of 0.06 and 0.12 was used for calculating CoC and MoM frictional moments, 
respectively [43,54]. Therefore, the bending moment acting on the HNJ is the sum of two 
components proportional to BW × HTO and BW × µ × HR, respectively. Neglecting the effect of both 
axial force and torsional moment, which were found to have smaller influences on the fretting 
behaviour compared to the bending moment [52,55], the BW·(HTO + µ × HR) parameter can be used 
as a rough indicator of the load level magnitude for the HNJ. However, the HNJ design also plays a 

Figure 1. Hip joint load and frictional moment acting on the femoral head. Left: the force acting on the
centre of the femoral head is split into two components, an axial force and an orthogonal force to the
head-neck junction (HNJ) axis; Right: the frictional moment about the instantaneous rotation axis is
split into two components, a torsional moment and a bending moment.
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Figure 2. Left: head-taper offset when the head is assembled on a 12/14 male taper; Right: head-adapter
sleeve and head-taper offset when an adapter sleeve is included.

Since prosthetic joint friction cannot be neglected, a frictional moment must also be introduced.
The frictional moment can be split into two components, a torsional moment and a bending moment
(Figure 1) [53]. The bending moment acting on the HNJ, due to friction, is proportional to BW, the head
radius (HR), and the coefficient of friction (µ) of the joint. However, its magnitude depends on the
specific task and on the instantaneous direction of the rotation of the head with respect to the HNJ
axis [53]. A µ value of 0.06 and 0.12 was used for calculating CoC and MoM frictional moments,
respectively [43,54]. Therefore, the bending moment acting on the HNJ is the sum of two components
proportional to BW × HTO and BW × µ × HR, respectively. Neglecting the effect of both axial
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force and torsional moment, which were found to have smaller influences on the fretting behaviour
compared to the bending moment [52,55], the BW·(HTO + µ × HR) parameter can be used as a rough
indicator of the load level magnitude for the HNJ. However, the HNJ design also plays a role, as it
influences the fretting corrosion behaviour of the junction [56]. Therefore, HNJ dimensions, i.e., the
surface of the taper male that effectively engages the head bore (Figure 3), were measured by means
of a digital calliper, rounding the measurement to the nearest 0.1 mm. When an adapter sleeve was
present, the current dimension of both the head-adapter sleeve junction and the adapter sleeve-neck
junction (12/14 junction) were also measured. Male taper flexural rigidity, i.e., the Young’s modulus
(E) of the taper material multiplied by moment of inertia (I) of the section calculated at the geometric
centroid of the mating surface, was calculated according to Porter and co-workers [57]. The calculated
centroid height from the engagement level was also used to calculate HTO (see above). An average
Young’s modulus of 110 GPa for Ti-alloy was used in the calculation [58]. Contact pressure at the
mating surface, due to an applied bending moment, also depends on the junction current contact
length (CL). Therefore, the flexural rigidity (E × I) multiplied by the contact length (E × I × CL) was
considered as a parameter measuring the junction’s ability to withstand the bending moment. A global
damage risk factor (DRF) was calculated by dividing the load level magnitude parameter by the
junction ability to withstand the bending moment, i.e., DRF = BW × (HTO + µ × HR)/(E × I × CL).
The DRF was calculated also for the head-adapter sleeve junction, when present, using the same
parameters determined for that junction. An average Young’s modulus of 210 GPa for Co-alloy was
used in the calculation [59].

Materials 2017, 10, 733  5 of 15 

 

role, as it influences the fretting corrosion behaviour of the junction [56]. Therefore, HNJ dimensions, 
i.e., the surface of the taper male that effectively engages the head bore (Figure 3), were measured by 
means of a digital calliper, rounding the measurement to the nearest 0.1 mm. When an adapter 
sleeve was present, the current dimension of both the head-adapter sleeve junction and the adapter 
sleeve-neck junction (12/14 junction) were also measured. Male taper flexural rigidity, i.e., the 
Young’s modulus (E) of the taper material multiplied by moment of inertia (I) of the section 
calculated at the geometric centroid of the mating surface, was calculated according to Porter and 
co-workers [57]. The calculated centroid height from the engagement level was also used to calculate 
HTO (see above). An average Young’s modulus of 110 GPa for Ti-alloy was used in the calculation 
[58]. Contact pressure at the mating surface, due to an applied bending moment, also depends on the 
junction current contact length (CL). Therefore, the flexural rigidity (E × I) multiplied by the contact 
length (E × I × CL) was considered as a parameter measuring the junction’s ability to withstand the 
bending moment. A global damage risk factor (DRF) was calculated by dividing the load level 
magnitude parameter by the junction ability to withstand the bending moment, i.e., DRF = BW × 
(HTO + µ × HR)/(E × I × CL). The DRF was calculated also for the head-adapter sleeve junction, when 
present, using the same parameters determined for that junction. An average Young’s modulus of 
210 GPa for Co-alloy was used in the calculation [59]. 

 
Figure 3. The dimensions of the 12/14 taper were measured by means of a digital calliper: proximal 
diameter of the contact area, i.e., the smallest diameter of the male taper that was engaged with the 
head bore; contact length i.e., the axial length of the male taper that was engaged with the head bore. 
All measurements were rounded to 0.1 mm. The head diameter was also measured. The taper angle 
was achieved from the manufacturer’s specifications. The centroid height was calculated. 

Additionally, the concentrations of cobalt, chromium, and titanium in the serum were 
measured for a sub-cohort of patients whose blood samples were collected at the time of revision 
and classified using the same criteria adopted for the retrieved implants. Blood samples were 
obtained using a disposable intravenous cannula, after discarding the first 3 mL, and immediately 
stored at −20 °C. Cobalt and chromium ion concentrations were measured using an inductively 
coupled plasma mass spectrometry (ICP-MS, ELAN DRC II, Perkin Elmer, Waltham, MA, USA), 
following the procedure described by Catalani and co-workers [60]. The detection limit of the 
procedure was 0.05 µg/L for both cobalt and chromium, respectively. The titanium concentration 
was determined using an inductively coupled plasma optical emission spectrometry (ICP-OES, 
Optima 5300 DV, Perkin Elmer, Shelton, CT, USA), following the procedure described by Beraudi 
and co-workers [61]. The detection limit of the procedure was 1 µg/L. Certified reference materials 
were analysed together with the samples in both procedures as internal controls. 
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Figure 3. The dimensions of the 12/14 taper were measured by means of a digital calliper: proximal
diameter of the contact area, i.e., the smallest diameter of the male taper that was engaged with the
head bore; contact length i.e., the axial length of the male taper that was engaged with the head bore.
All measurements were rounded to 0.1 mm. The head diameter was also measured. The taper angle
was achieved from the manufacturer’s specifications. The centroid height was calculated.

Additionally, the concentrations of cobalt, chromium, and titanium in the serum were measured
for a sub-cohort of patients whose blood samples were collected at the time of revision and classified
using the same criteria adopted for the retrieved implants. Blood samples were obtained using a
disposable intravenous cannula, after discarding the first 3 mL, and immediately stored at −20 ◦C.
Cobalt and chromium ion concentrations were measured using an inductively coupled plasma mass
spectrometry (ICP-MS, ELAN DRC II, Perkin Elmer, Waltham, MA, USA), following the procedure
described by Catalani and co-workers [60]. The detection limit of the procedure was 0.05 µg/L for both
cobalt and chromium, respectively. The titanium concentration was determined using an inductively
coupled plasma optical emission spectrometry (ICP-OES, Optima 5300 DV, Perkin Elmer, Shelton, CT,
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USA), following the procedure described by Beraudi and co-workers [61]. The detection limit of the
procedure was 1 µg/L. Certified reference materials were analysed together with the samples in both
procedures as internal controls.

A non-parametric Mann-Whitney U test was used to evaluate the statistical differences between
the two groups due to differences in sample size and variance or not normal distribution. Stepwise
model selection was used to identify the independent variables among patient age, BMI, implantation
time and DRF that are most important in explaining the variation in damage grade of the HNJ
(dependent variable) [62]. Firstly, the chosen covariates were checked to be independent. Residuals
(i.e., difference between determined and predicted damage score values) were analysed in order to
evaluate the descriptive power of the selected model. Additionally, a possible relationship between
the damage grade of the HNJ and the serum ion concentration was evaluated. All analyses were
performed using a commercial statistical software (SPSS 14.0 for Windows, v14.0.1, Chicago, IL, USA).

3. Results

The 12/14 taper nominal angles were all similar, ranging from 5◦38′ to 5◦43′30′′. Data about
HNJ dimensions, risk factor, and damage score are summarised in Table 2. Data referring to the
40 head-adapter sleeve junctions were also reported. As expected, there were differences between the
values determined for the 12/14 HNJ and the head-adapter sleeve junction in terms of contact length,
flexural rigidity, and risk factor, as well as in terms of damage score. The damage score was smaller
than 2 in 39 out of 40 analysed head-adapter sleeve junctions, while it was 2.3 in the remaining cases.

Table 2. Parameters and damage score for the 148 retrieved implants (see also Supplementary Materials).

Bearing Couple Ceramic on Ceramic Metal on Metal Mann-Whitney U
(p Value)12/14 Male Taper Material Titanium Alloy Titanium Alloy

12/14 Head-Neck Junction Characteristics (Mean ± SD)

Contact length (mm) 11.6 ± 1.7 12.0 ± 1.6 0.15
Taper flexural rigidity (Nm2) 164 ± 13 164 ± 12 0.94

Damage risk factor (m−2) 2.0 ± 1.1 2.4 ± 1.3 0.04
Damage score 1.7 ± 0.5 2.4 ± 0.9 <0.001

Head-Adapter Sleeve Junction (Mean ± SD)

Contact length (mm) / 17.1 ± 1.9 <0.001 *
Taper flexural rigidity (Nm2) / 1335 ± 319 <0.001 *

Damage risk factor (m−2) / 0.2 ± 0.1 <0.001 *
Damage score / 1.2 ± 0.4 <0.001 *

* Intra-group comparison, i.e., the comparison was made against the same parameter calculated for the
head-neck junction.

More severe damage was found in the HNJ, although damage scores were different between the
two groups. HNJ damage scores of MoM implants were significantly higher than those of CoC implants.
A significant difference was also found in DRF, although no significant differences were found in HNJ
geometrical parameters. Stepwise model selection showed that both DRF and implantation time were
significant explanatory variables of damage score in both groups, while patient age at implantation
was not a significant predictor (Table 3).

In general, an increase in DFR or in implantation time determined an increase in damage score
in both groups. However, both the coefficient of determination (R2) and the root mean square error
(RMSE) showed a better fit of damage score values in the CoC/Ti-alloy group (Figure 4). In all these
analyses BMI was not included among the covariates to avoid multicollinearity. This was because
a weak, but significant, interdependence was found between BMI and DRF (Table 4). Such weak
interdependence was confirmed by analysing the two groups separately.
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Table 3. Results of stepwise analysis (dependent variable: HNJ damage score).

Group
Ceramic on Ceramic

Titanium Alloy
Metal on Metal
Titanium Alloy

Coefficient p-Value Coefficient p-Value

Intercept 0.75 0.03 * 1.34 0.14 *
DRF 0.23 <0.001 0.22 <0.001

Implantation time 0.08 <0.001 0.09 <0.001
Age at implantation <0.01 0.96 <0.01 0.79

* The comparison was made against the expected value of the intercept, i.e., intercept = 1.
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Table 4. Pearson’s correlation coefficients between age at implantation, BMI, implantation time, and
DRF (sample size N = 148).

Parameter BMI Implantation Time DRF

Age at implantation PCC * 0.09 −0.06 0.07
p value 0.29 0.45 0.56

BMI
PCC * −0.12 0.31

p value 0.14 <0.001

Implantation time PCC * −0.05
p value 0.53

* Pearson’s correlation coefficient.
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Differences were found in analysing the HNJ surface. Surface damage was non-homogeneously
distributed, especially in low score damage HNJs. Some titanium oxide transfer at the proximal level
of the HNJ was observed in the ceramic heads coupled with Ti-alloy male tapers, which seemed to
decrease moving distally and becoming more asymmetrically distributed (Figure 5). The male taper
surface was damaged specularly with respect to the head bore surface. SEM analysis showed certain
morphologies, likely due to fretting damage, located at the ridges of the machined surface. The local
contact area was found to increase in higher damaged zones. EDX analysis revealed that oxygen
content increased moving from metallic grey areas to dull dark deposits. Conversely, aluminium
and the other alloy element (niobium or vanadium), seemed to decrease, although they could be still
detected—values also depended on background signal (Figure 5). In Co-alloy heads, it was more
difficult to identify a damage pattern. Damage distribution became more symmetrically distributed
as the HNJ damage increased and deposits could be found at the distal and/or at the proximal end
of the contact surface (Figure 6). In these junctions, the original metallic surface morphology may
differ, ranging from smoother to ridged surfaces. Similar to previous coupling, in Co-alloy/Ti-alloy
coupling the damage could also be located at the ridges of the machined surface. In these cases, HNJ
morphologies, likely due to fretting damage, could be found. Somewhere, the original morphology
could be covered by deposits or be even completely deleted depending on the local damage degree
(Figure 6). There were recurrent patterns that deserve to be mentioned. EDX analysis showed that,
in general, cobalt content decreased in corrosion products. In some deposits, the cobalt element was no
longer detectable. Conversely, the deposits were rich in chromium and molybdenum, although their
ratio was variable among different sites (chromium content was lower than expected in some deposits).
Titanium could be detected in the deposits as well as other elements such as calcium, phosphorous, and
chlorine (Figure 6). Small titanium debris could be also found embedded within the corrosion deposits.

Concentrations of cobalt, chromium, and titanium in the serum are summarised in Table 5.
No significant relationship was found between the serum ion concentration and the damage grade of
the HNJ (Pearson’s correlation coefficients ranging from −0.09 to 0.12).

Materials 2017, 10, 733  8 of 15 

 

Differences were found in analysing the HNJ surface. Surface damage was non-homogeneously 
distributed, especially in low score damage HNJs. Some titanium oxide transfer at the proximal level 
of the HNJ was observed in the ceramic heads coupled with Ti-alloy male tapers, which seemed to 
decrease moving distally and becoming more asymmetrically distributed (Figure 5). The male taper 
surface was damaged specularly with respect to the head bore surface. SEM analysis showed certain 
morphologies, likely due to fretting damage, located at the ridges of the machined surface. The local 
contact area was found to increase in higher damaged zones. EDX analysis revealed that oxygen 
content increased moving from metallic grey areas to dull dark deposits. Conversely, aluminium 
and the other alloy element (niobium or vanadium), seemed to decrease, although they could be still 
detected—values also depended on background signal (Figure 5). In Co-alloy heads, it was more 
difficult to identify a damage pattern. Damage distribution became more symmetrically distributed 
as the HNJ damage increased and deposits could be found at the distal and/or at the proximal end of 
the contact surface (Figure 6). In these junctions, the original metallic surface morphology may differ, 
ranging from smoother to ridged surfaces. Similar to previous coupling, in Co-alloy/Ti-alloy 
coupling the damage could also be located at the ridges of the machined surface. In these cases, HNJ 
morphologies, likely due to fretting damage, could be found. Somewhere, the original morphology 
could be covered by deposits or be even completely deleted depending on the local damage degree 
(Figure 6). There were recurrent patterns that deserve to be mentioned. EDX analysis showed that, in 
general, cobalt content decreased in corrosion products. In some deposits, the cobalt element was no 
longer detectable. Conversely, the deposits were rich in chromium and molybdenum, although their 
ratio was variable among different sites (chromium content was lower than expected in some 
deposits). Titanium could be detected in the deposits as well as other elements such as calcium, 
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Figure 5. The bore of a ceramic head and the male taper of its Ti-alloy neck. Metal transfer is visible in
the head bore. The male taper is damaged specularly. EDX spectra of ceramic and material spread on
ceramic surface (a), and Ti-alloy and fretted area (b) are shown.
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Figure 6. The bore of a Co-alloy head, its adapter sleeve (Co-alloy), and its male taper made of Ti-alloy.
Damaged areas are visible in the 12/14 junction. The head-adapter sleeve junction is very slightly
damaged. EDX spectra of Co-alloy and slightly damaged area on the head bore (a); Co-alloy and
deposits on the sleeve male taper (b); Co-alloy and damaged area on the sleeve bore (c); and Ti-alloy
and deposits between the ridges on the male taper (d) are shown.

Table 5. Ion concentration in serum determined for each group. Sample size N is reported for
each group.

Bearing Couple Ceramic on Ceramic Metal on Metal

12/14 Male Taper Material Titanium Alloy
(N = 13)

Titanium Alloy
(N = 30)

Ion Concentration in Serum (Mean ± SD)

Co (µg/L) NA 25.0 ± 34.7
Cr (µg/L) NA 17.5 ± 26.1
Ti (µg/L) 2.6 ± 0.8 NA

NA = not available.
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4. Discussion

This study investigated the possible correlations among damage occurring within the HNJ and
patient characteristics, material combination, 12/14 taper design, and serum ion concentration. A DRF
was introduced. The DRF is a rough and simple parameter that takes into account both the bending
moment magnitude acting on the HNJ, and the junction ability to withstand a bending moment. Several
important assumptions were made in calculating the DRF: (i) both the effects of the axial force and of
the torsional moment were neglected while they act simultaneously with bending moments [63–66];
(ii) bending moments due to hip joint force and frictional moments were simply added. This sum
presumes that the angle between the instantaneous line of action of the hip joint force and the HNJ
axis is equal to the angle between the instantaneous rotation axis of the prosthetic joint and the
HNJ axis, which is a rough simplification of the instantaneous loading condition. In fact, although
simultaneous occurrence of the maximum magnitudes of the two moments was demonstrated in
different tasks in presence of hip joint rotation [63], it must be acknowledged that instantaneous
highest hip joint force direction and rotation axis are independent: the former can change up to about
15, 15, and 30 degrees in the frontal, sagittal, and transverse planes, respectively [64]. The latter
change is mainly determined by hip flexion/extension rotation coupled with smaller flexion/extension
and internal/external rotation [65]. Therefore, the ratio between bending moments due to joint
force and frictional moment is not invariant in physiological activities, as assumed in calculating
DRF; (iii) although the effective CL of the HNJ was measured, the 12/14 tapers investigated in the
present study were from different manufactures and may be different in term of surface morphology,
manufacturing tolerances, alloy composition, or material treatment. All of these parameters, that may
play a role in the damage process of the taper surface and that could explain some of the differences
observed in similar design configurations, were neglected; (iv) the initial assembly condition of each
junction was unknown and therefore neglected. However, it must be acknowledged that an accurate
intraoperative assembly procedure, by avoiding the risk of junction surface contamination and assuring
a firm connection to minimise relative micromotion, is a key factor for the initial junction stability,
which in turn affects the HNJ damage resistance [67–69]. In addition to these simplifications, it must
also be mentioned that the hip prostheses were retrieved for different reasons. The effective biological
conditions the prostheses were exposed to in vivo were not taken into account in this study, although
they could concur to the damage process [70]. Lastly, although the scoring system used in this study is
commonly adopted in evaluating the junction damage [40,41,71], it must be acknowledged that it is
based on visual evaluation. Therefore, the operator subjectivity may introduce some bias, although in
the present study three different operators scored all the HDJ regions using an illustrated reference
guide in order to minimise this problem.

Despite all of these simplifications or limitations, this study showed that HNJ damage level is
correlated with implantation time and DRF when the male taper is made of Ti-alloy. The lack of
correlation with patient age at implantation can be explained considering that, although physical
activity levels decline with age, this is also influenced by other variables, such as education grade,
workplace, or living place characteristics [66], which were not known for the patient cohort. Therefore,
detailed information about daily routine would have been necessary to properly estimate the physical
activity level of each patient and, finally, to investigate if the HNJ damage level was indeed correlated
with physical activity level.

Bearing in mind the appearance of the retrieved junction with a ceramic head, it seems likely
that fretting corrosion is mainly a mechanically regulated phenomenon, as already suggested by
other authors [72]. Rocking micromotion due physiological loads, which is more likely to occur with
higher DRF [52], may determine the fracture of the protective oxide layer on the metal surface. The
question is whether the oxide layer fracture allows titanium dissolution. As a matter of fact, it should
be highlighted that an average titanium concentration value of 2.6 µg/L was found in this study in
a sub-cohort of patients. This value is falling in the upper part of the range (1–3 µg/L) reported in
the literature for patients with well-functioning THA [73]. Although Ti dissolution may occur on
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all prosthetic surfaces, especially considering that some devices were retrieved for aseptic loosening,
dissolution taking place within the HNJ cannot be excluded. Whichever is the case, it seems likely
that the chemical phenomenon within HNJ proceeds at a very low rate, i.e., oxide layer damage
due to a physiological load, if any, is followed by Ti-alloy repassivation, which prevents any further
chemical attack of the alloy substrate. The average follow-up in the present study was 5.6 years.
Therefore, no data on the evolution of the phenomenon in the long term are available. However,
data reported in a previous study do suggest a decrease, rather than an increase, in Ti dissolution
over time [73]. It has been hypothesised that increasing head seating onto the male taper improves
fretting corrosion performance of the junction by increasing the load required to initiate fretting [74].
Although this has not been investigated for the ceramic-titanium alloy combination, head seating onto
the male taper has been found to decrease the fretting corrosion phenomenon at least in metal-metal
combinations [67]. However, although these findings and previous reports [71,72,75] suggest that the
fretting corrosion phenomenon is mitigated in ceramic/Ti-alloy combinations, this is not completely
prevented. Therefore, any change increasing the DRF must be accurately evaluated before it is
introduced in clinical practice to avoid the risk of creating interface conditions that may promote the
chemical phenomena.

When at least one component of the HNJ is made of Co-alloy, the chemical phenomena seem to
play a more relevant role in fretting-corrosion occurring within the HNJ, in agreement with previous
reports [39,75]. The composition of the damaged surface suggests that cobalt dissolution occurred
within the HNJ. It seems likely that (i) Co-alloy repassivation occurs slowly or (ii) the protective
film of Co-alloy [76] can be damaged under less severe conditions (interface micromotion and/or
contact pressure) than those necessary for Ti-alloy. Literature data support these hypotheses [39,55,75].
Whichever is the case, in Co-alloy damage the chemical phenomena can became dominant over time.
If this reflects the evolution of the damage phenomenon, it is not surprising that the predictive power of
DRF, which very roughly predicts the mechanical condition within the HNJ, for HNJ damage decreased
in MoM group. Only when the chemical phenomenon is not predominant, DRF may become predictive.
It is noteworthy that evaluations carried out on tapers greater than 12/14—possible in all cases where
an adapter sleeve was included in the femoral head—showed, on average, a lower degree of damage
compared to 12/14 tapers. DRF values calculated for head-adapter sleeve junctions were lower than
those of 12/14 tapers because they depend on junction design and flexural rigidity, i.e., on junction
dimension and Young’s modulus of the material. Indeed, the flexural rigidity values are in agreement
with previously published values [42,57]. This observation is consistent with the above statement, as it
supports the hypothesis that the adoption of a design with a definitively smaller DRF could reduce the
risk of in vivo junction damage, although the use of similar alloy (Co-alloy/Co-alloy) combination
may also play a role [14,39,67]. However, it must be highlighted that some unexpected damage was
sometimes also found in these very stiff couplings, confirming the hypothesis that Co-alloy might
undergo a damage process even in theoretically low-stressed junctions, where a localised corrosion
mechanism could still take place. Although the contribution of all the implant surfaces, especially of
bearing surfaces, cannot be neglected [77–79], these findings suggest that both HNJ and head-adapter
sleeve junction damage may contribute to the determination of the high level of cobalt found in
serum, in agreement with previous reports [80,81]. However, the lack of correlation between HNJ
damage and ion concentration in serum seems to confirm that junction damage is not solely responsible
for ion release, although it must be highlighted that serum ion concentrations were measured in a
patient sub-cohort.

5. Conclusions

The present findings suggest that:

- the fretting-corrosion phenomenon is likely to be mechanically driven in ceramic/Ti-alloy
combinations;
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- the chemical phenomena seem to play a more relevant role when a component of the junction is
made of Co-alloy;

- when the fretting-corrosion phenomenon is mechanically driven, DRF, that can roughly predict
the loading condition at the HNJ, becomes a predictive variable of the damage, together with
implantation time;

- independently of the design and material combination, no correlation between HNJ damage and
ion concentrations in serum was found. This conclusion does not rule out the possibility that
a high ion concentration in serum may be found in patients with a not well-functioning HNJ,
such as in cases of massive fretting-wear, extremely severe corrosion, or mechanical failure of
a junction component.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/7/733/s1,
Table S1: Clinical information, design parameters and DRF for the 148 retrieved implants clustered on the
basis of the HNJ damage score.

Acknowledgments: This study was supported by Italian Program of Donation for Research “5 × 1000”.
The authors wish to thank Luigi Lena for the artworks, Alice Acciaioli and Stefano Squarzoni for the technical
assistance and Lucia Mancini for the help in preparing the manuscript.

Author Contributions: M.B. and S.S. conceived and designed the study; M.B., P.E., F.Z., M.K.M., D.D.P., A.B. and
S.S. performed the experiments and collected the data; B.B. analysed the data; M.B. wrote the paper, with the help
of all the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hozack, W.J.; Mesa, J.J.; Rothman, R.H. Head—Neck modularity for total hip arthroplasty. J. Arthroplast.
1996, 11, 397–399. [CrossRef]

2. Cameron, H. Modularity in primary total hip arthroplasty. J. Arthroplast. 1996, 11, 332–334. [CrossRef]
3. Collier, J.P.; Surprenant, V.A.; Jensen, R.E.; Mayor, M.B.; Surprenant, H.P. Corrosion between the components

of modular femoral hip prostheses. J. Bone Jt. Surg. Br. 1992, 74, 511–517.
4. Woolson, S.T.; Pottorff, G.T. Disassembly of a modular femoral prosthesis after dislocation of the femoral

component. A case report. J. Bone Jt. Surg. Am. 1990, 72, 624–625. [CrossRef]
5. Pellicci, P.M.; Haas, S.B.; York, N. Disassembly of a Modular Femoral Component during Closed Reduction

of the Dislocated Femoral Component A CASE REPORT*. J Bone Jt. Surg Am. 1990, 72, 619–620. [CrossRef]
6. Star, M.J.; Colwell, C.W.; Donaldson, W.F.; Walker, R.H. Dissociation of modular hip arthroplasty components

after dislocation. A report of three cases at differing dissociation levels. Clin. Orthop. Relat. Res. 1992, 278,
111–115.

7. Barrack, R.L.; Burke, D.W.; Cook, S.D.; Skinner, H.B.; Harris, W.H. Complications related to modularity of
total hip components. J. Bone Jt. Surg. Br. 1993, 75, 688–692.

8. Gilbert, J.L.; Buckley, C.A.; Jacobs, J.J.; Bertin, K.C.; Zernich, M.R. Intergranular corrosion-fatigue failure
of cobalt-alloy femoral stems. A failure analysis of two implants. J. Bone Jt. Surg. Am. 1994, 76, 110–115.
[CrossRef]

9. Trigkilidas, D.; Anand, A.; Ibe, R.; Syed, T.; Floyd, A. A fracture through the neck of a Charnley Elite-Plus
femoral component: A case report. Internet J. Orthop. Surg. 2009, 16.

10. Talmo, C.T.; Sharp, K.G.; Malinowska, M.; Bono, J.V.; Ward, D.M.; LaReau, J. Spontaneous modular femoral
head dissociation complicating total hip arthroplasty. Orthopedics 2014, 37, e592–e595. [CrossRef] [PubMed]

11. Parker, S.J.; Khan, W.; Mellor, S. Late Nontraumatic Dissociation of the Femoral Head and Trunnion in a
Total Hip Arthroplasty. Case Rep. Orthop. 2015, 2015, 738671. [CrossRef] [PubMed]

12. Lieberman, J.; Rimnac, C.; Garvin, K.; Klein, R.; Salvati, E. An Analysis of the Head-Neck Taper Interface in
Retrieved Hip Prostheses. Clin. Orthop. Relat. Res. 1994, 300, 162–167. [CrossRef]

13. Fricker, D.C.; Shivanatii, R. Fretting corrosion studies of universal femoral head prostheses and cone taper
spigots. Biomaterials 1990, 11, 495–500. [CrossRef]

www.mdpi.com/1996-1944/10/7/733/s1
http://dx.doi.org/10.1016/S0883-5403(96)80028-3
http://dx.doi.org/10.1016/S0883-5403(96)80086-6
http://dx.doi.org/10.2106/00004623-199072040-00022
http://dx.doi.org/10.2106/00004623-199072040-00020
http://dx.doi.org/10.2106/00004623-199401000-00014
http://dx.doi.org/10.3928/01477447-20140528-62
http://www.ncbi.nlm.nih.gov/pubmed/24972443
http://dx.doi.org/10.1155/2015/738671
http://www.ncbi.nlm.nih.gov/pubmed/26078899
http://dx.doi.org/10.1097/00003086-199403000-00021
http://dx.doi.org/10.1016/0142-9612(90)90064-W


Materials 2017, 10, 733 13 of 16

14. Gilbert, J.L.; Buckley, C.A.; Jacobs, J.J. In vivo corrosion of modular hip prosthesis components in mixed and
similar metal combinations. The effect of crevice, stress, motion, and alloy coupling. J. Biomed. Mater. Res.
1993, 27, 1533–1544. [CrossRef] [PubMed]

15. Brown, S.A.; Flemming, C.A. C.; Kawalec, J.S.; Placko, H.E.; Vassaux, C.; Merritt, K.; Payer, J.H.; Kraay, M.J.
Fretting corrosion accelerates crevice corrosion of modular hip tapers. J. Appl. Biomater. 1995, 6, 19–26.
[CrossRef] [PubMed]

16. Shareef, N.; Levine, D. Effect of manufacturing tolerances on the micromotion at the Morse taper interface in
modular hip implants using the finite element technique. Biomaterials 1996, 17, 623–630. [CrossRef]

17. Urban, R.M.; Jacobs, J.J.; Gilbert, J.L.; Galante, J.O. Migration of corrosion products from modular hip
prostheses. Particle microanalysis and histopathological findings. J. Bone Jt. Surg. Am. 1994, 76, 1345–1359.
[CrossRef]

18. Merritt, K.; Rodrigo, J.J. Immune response to synthetic materials. Sensitization of patients receiving
orthopaedic implants. Clin. Orthop. Relat. Res. 1996, 71–79. [CrossRef]

19. Wooley, P.H.; Nasser, S.; Fitzgerald, R.H. The immune response to implant materials in humans. Clin. Orthop.
Relat. Res. 1996, 326, 63–70. [CrossRef]

20. Black, J. Does corrosion matter? J. Bone Jt. Surg. Br. 1988, 70, 517–520.
21. Jacobs, J.J.; Urban, R.M.; Gilbert, J.L.; Skipor, A.K.; Black, J.; Jasty, M.; Galante, J.O. Local and distant products

from modularity. Clin. Orthop. Relat. Res. 1995, 94–105. [CrossRef]
22. Lee, S.H.; Brennan, F.R.; Jacobs, J.J.; Urban, R.M.; Ragasa, D.R.; Glant, T.T. Human monocyte/macrophage

response to cobalt-chromium corrosion products and titanium particles in patients with total joint
replacements. J. Orthop. Res. 1997, 15, 40–49. [CrossRef] [PubMed]

23. Svensson, O.; Mathiesen, E.B.; Reinholt, F.P.; Blomgren, G. Formation of a fulminant soft-tissue pseudotumor
after uncemented hip arthroplasty. A case report. J. Bone Jt. Surg. Am. 1988, 70, 1238–1242. [CrossRef]

24. Radhi, J.M.; Ibrahiem, K.; Al-Tweigeri, T. Soft tissue malignant lymphoma at sites of previous surgery.
J. Clin. Pathol. 1998, 51, 629–632. [CrossRef] [PubMed]

25. Garellick, G.; Kärrholm, J.; Lindahl, H.; Malchau, H.; Rogmark, C.; Rolfson, O. Swedish Hip Arthroplasty
Register Annual Report 2014; Göran Garellick: Göteborg, Sweden, 2014; ISBN 978-91-980507-6-9.

26. National Joint Replacement Registry. Annual Report 2016; Australian Orthopaedic Association: Adelaide,
Australia, 2016; ISSN 1445-3657.

27. Burroughs, B.R.; Hallstrom, B.; Golladay, G.J.; Hoeffel, D.; Harris, W.H. Range of motion and stability in total
hip arthroplasty with 28-, 32-, 38-, and 44-mm femoral head sizes: An in vitro study. J. Arthroplast. 2005, 20,
11–19. [CrossRef] [PubMed]

28. Mont, M.A.; Seyler, T.M.; Ragland, P.S.; Starr, R.; Erhart, J.; Bhave, A. Gait Analysis of Patients with
Resurfacing Hip Arthroplasty Compared with Hip Osteoarthritis and Standard Total Hip Arthroplasty.
J. Arthroplast. 2007, 22, 100–108. [CrossRef] [PubMed]

29. Lavigne, M.; Therrien, M.; Nantel, J.; Roy, A.; Prince, F.; Vendittoli, P.A. The John Charnley award:
The functional outcome of hip resurfacing and large-head THA is the same: A randomized, double-blind
study. Clin. Orthop. Relat. Res. 2010, 468, 326–336. [CrossRef] [PubMed]

30. Fowble, V.A.; Schmalzried, T.P. A Comparison of Total Hip Resurfacing and Total Hip Arthroplasty.
Bull. NYU Hosp. Jt. Dis. 2009, 67, 108–112. [PubMed]

31. Zagra, L.; Anasetti, F.; Bianchi, L.; Licari, V.; Giacometti Ceroni, R. No difference in gait recovery after
THA with different head diameters: A prospective randomized study. Clin. Orthop. Relat. Res. 2013, 471,
3830–3837. [CrossRef] [PubMed]

32. Fricka, K.B.; Ho, H.; Peace, W.J.; Engh, C.A. Metal-on-Metal local tissue reaction is associated with corrosion
of the head taper junction. J. Arthroplast. 2012, 27, 26.e1–31.e1. [CrossRef] [PubMed]

33. Meyer, H.; Mueller, T.; Goldau, G.; Chamaon, K.; Ruetschi, M.; Lohmann, C.H. Corrosion at the Cone/Taper
Interface Leads to Failure of Large-diameter Metal-on-metal Total Hip Arthroplasties. Clin. Orthop. Relat. Res.
2012, 470, 3101–3108. [CrossRef] [PubMed]

34. Cook, R.B.; Bolland, B.J.R.F.; Wharton, J.A.; Tilley, S.; Latham, J.M.; Wood, R.J.K. Pseudotumour formation due
to tribocorrosion at the taper interface of large diameter metal on polymer modular total hip replacements.
J. Arthroplast. 2013, 28, 1430–1436. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/jbm.820271210
http://www.ncbi.nlm.nih.gov/pubmed/8113241
http://dx.doi.org/10.1002/jab.770060104
http://www.ncbi.nlm.nih.gov/pubmed/7703534
http://dx.doi.org/10.1016/0142-9612(96)88713-8
http://dx.doi.org/10.2106/00004623-199409000-00009
http://dx.doi.org/10.1097/00003086-199605000-00009
http://dx.doi.org/10.1097/00003086-199605000-00008
http://dx.doi.org/10.1097/00003086-199510000-00010
http://dx.doi.org/10.1002/jor.1100150107
http://www.ncbi.nlm.nih.gov/pubmed/9066525
http://dx.doi.org/10.2106/00004623-198870080-00017
http://dx.doi.org/10.1136/jcp.51.8.629
http://www.ncbi.nlm.nih.gov/pubmed/9828826
http://dx.doi.org/10.1016/j.arth.2004.07.008
http://www.ncbi.nlm.nih.gov/pubmed/15660054
http://dx.doi.org/10.1016/j.arth.2006.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17197316
http://dx.doi.org/10.1007/s11999-009-0938-z
http://www.ncbi.nlm.nih.gov/pubmed/19543863
http://www.ncbi.nlm.nih.gov/pubmed/19583535
http://dx.doi.org/10.1007/s11999-013-2926-6
http://www.ncbi.nlm.nih.gov/pubmed/23640204
http://dx.doi.org/10.1016/j.arth.2012.03.019
http://www.ncbi.nlm.nih.gov/pubmed/22554728
http://dx.doi.org/10.1007/s11999-012-2502-5
http://www.ncbi.nlm.nih.gov/pubmed/22864616
http://dx.doi.org/10.1016/j.arth.2013.02.009
http://www.ncbi.nlm.nih.gov/pubmed/23528556


Materials 2017, 10, 733 14 of 16

35. John Cooper, H.; Della Valle, C.J.; Berger, R.A.; Tetreault, M.; Paprosky, W.G.; Sporer, S.M.; Jacobs, J.J.
Corrosion at the Head-Neck Taper as a Cause for Adverse Local Tissue Reactions After Total Hip Arthroplasty.
J. Bone Jt. Surg.-Am. Vol. 2012, 94, 1655–1661. [CrossRef]

36. Lindgren, J.U.; Brismar, B.H.; Wikstrom, A.C. Adverse reaction to metal release from a modular
metal-on-polyethylene hip prosthesis. Bone Jt. J. 2011, 93-B, 1427–1430. [CrossRef] [PubMed]

37. Langton, D.J.; Jameson, S.S.; Joyce, T.J.; Gandhi, J.N.; Sidaginamale, R.; Mereddy, P.; Lord, J.; Nargol, A.V.F.
Accelerating failure rate of the ASR total hip replacement. Bone Jt. J. 2011, 93-B, 1011–1016. [CrossRef]
[PubMed]

38. Pastides, P.S.; Dodd, M.; Sarraf, K.M.; Willis-Owen, C.A. Trunnionosis: A pain in the neck. World J. Orthop.
2013, 4, 161–166. [CrossRef] [PubMed]

39. Goldberg, J.R.; Gilbert, J.L. In vitro corrosion testing of modular hip tapers. J. Biomed. Mater. Res. B.
Appl. Biomater. 2003, 64, 78–93. [CrossRef] [PubMed]

40. Goldberg, J.R.; Gilbert, J.L.; Jacobs, J.J.; Bauer, T.W.; Paprosky, W.; Leurgans, S. A multicenter retrieval study
of the taper interfaces of modular hip prostheses. Clin. Orthop. Relat. Res. 2002, 149–161. [CrossRef]

41. Higgs, G.B.; MacDonald, D.W.; Gilbert, J.L.; Rimnac, C.M.; Kurtz, S.M.; Chen, A.F.; Klein, G.R.;
Hamlin, B.R.; Lee, G.C.; Mont, M.A.; et al. Does Taper Size Have an Effect on Taper Damage in Retrieved
Metal-on-Polyethylene Total Hip Devices? J. Arthroplast. 2016, 31, 277–281. [CrossRef] [PubMed]

42. Nassif, N.A.; Nawabi, D.H.; Stoner, K.; Elpers, M.; Wright, T.; Padgett, D.E. Taper design affects failure of
large-head metal-on-metal total hip replacements. Clin. Orthop. Relat. Res. 2014, 472, 564–571. [CrossRef]
[PubMed]

43. Brockett, C.L.; Williams, S.; Jin, Z.M.; Isaac, G.; Fisher, J. A comparison of friction in 28 mm conventional and
55 mm resurfacing metal-on-metal hip replacements. Proc. Inst. Mech. Eng. Part J J. Eng. Tribol. 2007, 221,
391–398. [CrossRef]

44. Fisher, J. Bioengineering reasons for the failure of metal-on-metal hip prostheses. J. Bone Jt. Surg. [Br.] 2011,
9393, 1001–1004. [CrossRef] [PubMed]

45. Toni, A.; Baleani, M.; Bordini, B.; Stea, S.; Pilla, F.; Sudanese, A. “Trunionitis”: A Cause for Concern?
Semin. Arthroplast. 2012, 23, 248–250. [CrossRef]

46. Dyrkacz, R.M.R.; Brandt, J.M.; Ojo, O.A.; Turgeon, T.R.; Wyss, U.P. The influence of head size on corrosion
and fretting behaviour at the head-neck interface of artificial hip joints. J. Arthroplast. 2013, 28, 1036–1040.
[CrossRef] [PubMed]

47. Triantafyllopoulos, G.K.; Elpers, M.E.; Burket, J.C.; Esposito, C.I.; Padgett, D.E.; Wright, T.M. Otto Aufranc
Award: Large Heads Do Not Increase Damage at the Head-neck Taper of Metal-on-polyethylene Total Hip
Arthroplasties. Clin. Orthop. Relat. Res. 2016, 474, 330–338. [CrossRef] [PubMed]

48. Bergmann, G.; Bergmann, G.; Deuretzabacher, G.; Deuretzabacher, G.; Heller, M.; Heller, M.; Graichen, F.;
Graichen, F.; Rohlmann, A.; Rohlmann, A.; et al. Hip forces and gait patterns from rountine activities.
J. Biomech. 2001, 34, 859–871. [CrossRef]

49. Heller, M.O.; Bergmann, G.; Deuretzbacher, G.; Dürselen, L.; Pohl, M.; Claes, L.; Haas, N.P.; Duda, G.N.
Musculo-skeletal loading conditions at the hip during walking and stair climbing. J. Biomech. 2001, 34,
883–893. [CrossRef]

50. Bergmann, G.; Graichen, F.; Rohlmann, A.; Linke, H. Hip joint forces during load carrying. Clin. Orthop.
Relat. Res. 1997, 335, 190–201.

51. Bergmann, G.; Graichen, F.; Rohlmann, A. Hip joint loading during walking and running, measured in two
patients. J. Biomech. 1993, 26, 969–990. [CrossRef]

52. Donaldson, F.E.; Coburn, J.C.; Siegel, K.L. Total hip arthroplasty head-neck contact mechanics: A stochastic
investigation of key parameters. J. Biomech. 2014, 47, 1634–1641. [CrossRef] [PubMed]

53. Farhoudi, H.; Oskouei, R.H.; Jones, C.F.; Taylor, M. A novel analytical approach for determining the frictional
moments and torques acting on modular femoral components in total hip replacements. J. Biomech. 2015, 48,
976–983. [CrossRef] [PubMed]

54. Brockett, C.; Williams, S.; Jin, Z.; Isaac, G.; Fisher, J. Friction of total hip replacements with different bearings
and loading conditions. J. Biomed. Mater. Res. Part B Appl. Biomater. 2007, 81B, 508–515. [CrossRef] [PubMed]

55. Jauch, S.Y.; Coles, L.G.; Ng, L.V.; Miles, A.W.; Gill, H.S. Low torque levels can initiate a removal of the
passivation layer and cause fretting in modular hip stems. Med. Eng. Phys. 2014, 36, 1140–1146. [CrossRef]
[PubMed]

http://dx.doi.org/10.2106/JBJS.K.01352
http://dx.doi.org/10.1302/0301-620X.93B10.27645
http://www.ncbi.nlm.nih.gov/pubmed/21969447
http://dx.doi.org/10.1302/0301-620X.93B8.26040
http://www.ncbi.nlm.nih.gov/pubmed/21768621
http://dx.doi.org/10.5312/wjo.v4.i4.161
http://www.ncbi.nlm.nih.gov/pubmed/24147250
http://dx.doi.org/10.1002/jbm.b.10526
http://www.ncbi.nlm.nih.gov/pubmed/12516082
http://dx.doi.org/10.1097/00003086-200208000-00018
http://dx.doi.org/10.1016/j.arth.2016.06.053
http://www.ncbi.nlm.nih.gov/pubmed/27460298
http://dx.doi.org/10.1007/s11999-013-3115-3
http://www.ncbi.nlm.nih.gov/pubmed/23801060
http://dx.doi.org/10.1243/13506501JET234
http://dx.doi.org/10.1302/0301-620X.93B8.26936
http://www.ncbi.nlm.nih.gov/pubmed/21768619
http://dx.doi.org/10.1053/j.sart.2013.01.007
http://dx.doi.org/10.1016/j.arth.2012.10.017
http://www.ncbi.nlm.nih.gov/pubmed/23528551
http://dx.doi.org/10.1007/s11999-015-4468-6
http://www.ncbi.nlm.nih.gov/pubmed/26208607
http://dx.doi.org/10.1016/S0021-9290(01)00040-9
http://dx.doi.org/10.1016/S0021-9290(01)00039-2
http://dx.doi.org/10.1016/0021-9290(93)90058-M
http://dx.doi.org/10.1016/j.jbiomech.2014.02.035
http://www.ncbi.nlm.nih.gov/pubmed/24657104
http://dx.doi.org/10.1016/j.jbiomech.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25721768
http://dx.doi.org/10.1002/jbm.b.30691
http://www.ncbi.nlm.nih.gov/pubmed/17041924
http://dx.doi.org/10.1016/j.medengphy.2014.06.011
http://www.ncbi.nlm.nih.gov/pubmed/25051900


Materials 2017, 10, 733 15 of 16

56. Kao, Y.Y.J.; Koch, C.N.; Wright, T.M.; Padgett, D.E. Flexural Rigidity, Taper Angle, and Contact Length Affect
Fretting of the Femoral Stem Trunnion in Total Hip Arthroplasty. J. Arthroplast. 2016, 31, 254–258. [CrossRef]
[PubMed]

57. Porter, D.A.; Urban, R.M.; Jacobs, J.J.; Gilbert, J.L.; Rodriguez, J.A.; Cooper, H.J. Modern Trunnions Are
More Flexible: A Mechanical Analysis of THA Taper Designs. Clin. Orthop. Relat. Res. 2014, 472, 3963–3970.
[CrossRef] [PubMed]

58. Niinomi, M. Mechanical properties of biomedical titanium alloys. Mater. Sci. Eng. A 1998, 243, 231–236.
[CrossRef]

59. Moharrami, N.; Langton, D.J.; Sayginer, O.; Bull, S.J. Why does titanium alloy wear cobalt chrome alloy
despite lower bulk hardness: A nanoindentation study? Thin Solid Films 2013, 549, 79–86. [CrossRef]

60. Catalani, S.; Stea, S.; Beraudi, A.; Gilberti, M.E.; Bordini, B.; Toni, A.; Apostoli, P. Vanadium release in whole
blood, serum and urine of patients implanted with a titanium alloy hip prosthesis. Clin. Toxicol. 2013, 51,
550–556. [CrossRef] [PubMed]

61. Beraudi, A.; Catalani, S.; Montesi, M.; Stea, S.; Sudanese, A.; Apostoli, P.; Toni, A. Detection of cobalt in
synovial fluid from metal-on-metal hip prosthesis: Correlation with the ion haematic level. Biomarkers 2013,
18, 699–705. [CrossRef] [PubMed]

62. Yamashita, T.; Yamashita, K.; Kamimura, R. A Stepwise AIC Method for variable selection in linear regression.
Commun. Stat. Theory Methods 2007, 36, 2395–2403. [CrossRef]

63. Farhoudi, H.; Oskouei, R.H.; Zanoosi, A.A.P.; Jones, C.F.; Taylor, M. An analytical calculation of frictional and
bending moments at the head-neck interface of hip joint implants during different physiological activities.
Materials 2016, 9, 982. [CrossRef]

64. Bergmann, G.; Bender, A.; Dymke, J.; Duda, G.; Damm, P. Standardized loads acting in hip implants.
PLoS ONE 2016, 11, e0155612. [CrossRef] [PubMed]

65. Turley, G.A.; Ahmed, S.M.Y.; Williams, M.A.; Griffin, D.R. Establishing a range of motion boundary for total
hip arthroplasty. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2011, 225, 769–782. [CrossRef] [PubMed]

66. Nelson, C.C.; Wagner, G.R.; Caban-Martinez, A.J.; Buxton, O.M.; Kenwood, C.T.; Sabbath, E.L.;
Hashimoto, D.M.; Hopcia, K.; Allen, J.; Sorensen, G. Physical activity and body mass index: The contribution
of age and workplace characteristics. Am. J. Prev. Med. 2014, 46, S42–S51. [CrossRef] [PubMed]

67. Mroczkowski, M.L.; Hertzler, J.S.; Humphrey, S.M.; Johnson, T.; Blanchard, C.R. Effect of impact assembly
on the fretting corrosion of modular hip tapers. J. Orthop. Res. 2006, 24, 271–279. [CrossRef] [PubMed]

68. Pennock, A.T.; Schmidt, A.H.; Bourgeault, C.A. Morse-type tapers: Factors that may influence taper strength
during total hip arthroplasty. J. Arthroplast. 2002, 17, 773–778. [CrossRef] [PubMed]

69. Lavernia, C.J.; Baerga, L.; Barrack, R.L.; Tozakoglou, E.; Cook, S.D.; Lata, L.; Rossi, M.D. The effects of blood
and fat on Morse taper disassembly forces. Am. J. Orthop. (Belle Mead NJ) 2009, 30, 187–190.

70. Karimi, S.; Nickchi, T.; Alfantazi, A. Effects of bovine serum albumin on the corrosion behaviour of AISI 316L,
Co-28Cr-6Mo, and Ti-6Al-4V alloys in phosphate buffered saline solutions. Corros. Sci. 2011, 53, 3262–3272.
[CrossRef]

71. Kocagoz, S.B.; Underwood, R.J.; Macdonald, D.W.; Gilbert, J.L.; Kurtz, S.M. Ceramic heads decrease metal
release caused by head-taper fretting and corrosion. Clin. Orthop. Relat. Res. 2016, 474, 985–994. [CrossRef]
[PubMed]

72. Kurtz, S.M.; Kocagöz, S.B.; Hanzlik, J.A.; Underwood, R.J.; Gilbert, J.L.; MacDonald, D.W.; Lee, G.-C.;
Mont, M.A.; Kraay, M.J.; Klein, G.R.; et al. Do Ceramic Femoral Heads Reduce Taper Fretting Corrosion in
Hip Arthroplasty? A Retrieval Study. Clin. Orthop. Relat. Res. 2013, 471, 3270–3282. [CrossRef] [PubMed]

73. Levine, B.R.; Hsu, A.R.; Skipor, A.K.; Hallab, N.J.; Paprosky, W.G.; Galante, J.O.; Jacobs, J.J. Ten-Year Outcome
of Serum Metal Ion Levels After Primary Total Hip Arthroplasty. J. Bone Jt. Surg. 2013, 95, 512–518. [CrossRef]
[PubMed]

74. Goldberg, J.; Buckley, C.; Jacobs, J.; Gilbert, J. Corrosion Testing of Modular Hip Implants. In Modularity
of Orthopedic Implants, STP 1301; Marlowe, D.E., Parr, J.E., Mayor, M.B., Eds.; ASTM International:
West Conshohocken, PA, USA, 1997; pp. 157–176. ISBN 0-8031-2415-5.

75. Hallab, N.J.; Messina, C.; Skipor, A.; Jacobs, J.J. Differences in the fretting corrosion of metal-metal and
ceramic-metal modular junctions of total hip replacements. J. Orthop. Res. 2004, 22, 250–259. [CrossRef]

76. Hodgson, A.W.E.; Kurz, S.; Virtanen, S.; Fervel, V.; Olsson, C.O.A.; Mischler, S. Passive and transpassive
behaviour of CoCrMo in simulated biological solutions. Electrochim. Acta 2004, 49, 2167–2178. [CrossRef]

http://dx.doi.org/10.1016/j.arth.2016.02.079
http://www.ncbi.nlm.nih.gov/pubmed/27094241
http://dx.doi.org/10.1007/s11999-014-3965-3
http://www.ncbi.nlm.nih.gov/pubmed/25267272
http://dx.doi.org/10.1016/S0921-5093(97)00806-X
http://dx.doi.org/10.1016/j.tsf.2013.06.020
http://dx.doi.org/10.3109/15563650.2013.818682
http://www.ncbi.nlm.nih.gov/pubmed/23845123
http://dx.doi.org/10.3109/1354750X.2013.846413
http://www.ncbi.nlm.nih.gov/pubmed/24134776
http://dx.doi.org/10.1080/03610920701215639
http://dx.doi.org/10.3390/ma9120982
http://dx.doi.org/10.1371/journal.pone.0155612
http://www.ncbi.nlm.nih.gov/pubmed/27195789
http://dx.doi.org/10.1177/0954411911409306
http://www.ncbi.nlm.nih.gov/pubmed/21922954
http://dx.doi.org/10.1016/j.amepre.2013.10.035
http://www.ncbi.nlm.nih.gov/pubmed/24512930
http://dx.doi.org/10.1002/jor.20048
http://www.ncbi.nlm.nih.gov/pubmed/16435360
http://dx.doi.org/10.1054/arth.2002.33565
http://www.ncbi.nlm.nih.gov/pubmed/12216033
http://dx.doi.org/10.1016/j.corsci.2011.06.009
http://dx.doi.org/10.1007/s11999-015-4683-1
http://www.ncbi.nlm.nih.gov/pubmed/26847452
http://dx.doi.org/10.1007/s11999-013-3096-2
http://www.ncbi.nlm.nih.gov/pubmed/23761174
http://dx.doi.org/10.2106/JBJS.L.00471
http://www.ncbi.nlm.nih.gov/pubmed/23515985
http://dx.doi.org/10.1016/S0736-0266(03)00186-4
http://dx.doi.org/10.1016/j.electacta.2003.12.043


Materials 2017, 10, 733 16 of 16

77. Hartmann, A.; Hannemann, F.; Lützner, J.; Seidler, A.; Drexler, H.; Günther, K.P.; Schmitt, J. Metal
Ion Concentrations in Body Fluids after Implantation of Hip Replacements with Metal-on-Metal
Bearing—Systematic Review of Clinical and Epidemiological Studies. PLoS ONE 2013, 8, e70359. [CrossRef]
[PubMed]

78. Vendittoli, P.-A.; Mottard, S.; Roy, A.G.; Dupont, C.; Lavigne, M. Chromium and cobalt ion release following
the Durom high carbon content, forged metal-on-metal surface replacement of the hip. J. Bone Jt. Surg.
Br. Vol. 2007, 89-B, 441–448. [CrossRef] [PubMed]

79. Matthies, A.; Underwood, R.; Cann, P.; Ilo, K.; Nawaz, Z.; Skinner, J.; Hart, A.J. Retrieval analysis of 240
metal-on-metal hip components, comparing modular total hip replacement with hip resurfacing. Bone Jt. J.
2011, 93-B, 307–314. [CrossRef] [PubMed]

80. Delaunay, C.; Petit, I.; Learmonth, I.D.; Oger, P.; Vendittoli, P.A. Metal-on-metal bearings total hip
arthroplasty: The cobalt and chromium ions release concern. Orthop. Traumatol. Surg. Res. 2010, 96,
894–904. [CrossRef] [PubMed]

81. Garbuz, D.S.; Tanzer, M.; Greidanus, N.V.; Masri, B.A.; Duncan, C.P. The john charnley award: Metal-on-metal
hip resurfacing versus large-diameter head metal-on-metal total hip arthroplasty: A randomized clinical
trial. Clin. Orthop. Relat. Res. 2010, 468, 318–325. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0070359
http://www.ncbi.nlm.nih.gov/pubmed/23950923
http://dx.doi.org/10.1302/0301-620X.89B4.18054
http://www.ncbi.nlm.nih.gov/pubmed/17463109
http://dx.doi.org/10.1302/0301-620X.93B3.25551
http://www.ncbi.nlm.nih.gov/pubmed/21357950
http://dx.doi.org/10.1016/j.otsr.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/20832379
http://dx.doi.org/10.1007/s11999-009-1029-x
http://www.ncbi.nlm.nih.gov/pubmed/19697090
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 

