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Abstract Background: Modularity in total hip arthroplasty
has been used for decades with great success, but new findings
regarding corrosion artifacts have caused a resurgence in
tapered junction research. Mechanically assisted crevice cor-
rosion (MACC) is thought to be the mechanism by which
corrosive attack occurs. Myriad multi-factorial variables are
known to influence the susceptibility of a modular taper junc-
tion to MACC. Some of these variables are design and man-
ufacture related and others can be controlled by the surgeon.
Questions/Purposes: This study was performed to assess a 22-
year retrieval database to determine if correlations exist be-
tween severity of corrosion artifacts and head size, time
in vivo, head offset, or head material. Secondarily, the agree-
ment of visual and semi-quantitative scoring methods was
assessed using the retrieved components. Methods: A total
of 210 femoral head tapers were scored and heads receiving
high scores were measured to quantify material loss due to
MACC. Results: Increased head size and increased time
in vivo did not correlate to higher corrosion scores. Contrarily,
there were differences in corrosion scores based on femoral
head offset andmaterial. Deviations away from a neutral offset
(where neutral is defined as the alignment of femoral head
center and stem taper gage point) resulted in higher scores.
Cobalt-chromium-molybdenum heads were associated with
higher corrosion scores and higher material loss as compared
to oxidized zirconium heads. Conclusion: Reducing the

moment arm at the head-neck junction and choosing a more
inert material appears to provide greater resistance to
corrosion.
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Introduction

The use of tapered junctions in total hip arthroplasty (THA)
has excellent long-term results spanning decades of use. The
modularity in THA provided by mechanically locked tapers
allows for appropriate component sizing to ensure satisfac-
tory patient outcomes. Corrections for leg length discrepan-
cies, reduction of dislocation potential, the ability to
optimize wear performance, and mitigating future complica-
tions during revision THA through component selection are
important during pre- and intra-operative assessment. How-
ever, recent findings regarding corrosion artifacts at tapered
surfaces have spurred growing interest. First hypothesized in
the 1990s, mechanically assisted crevice corrosion (MACC)
has become the predominant mechanism by which modular
junctions are thought to undergo corrosive attack [4, 11].

It is now known that a myriad of factors influence THA
susceptibility to MACC. Firstly, as the name implies,
MACC is dependent upon the mechanical integrity of the
taper lock. Micromotion at the head-neck taper junction
occurs when the femoral head undergoes loading. The mag-
nitude of this micromotion can be attributed to both device-
related and surgeon-related factors. Design- and
manufacturing-related factors such as taper size, straight-
ness, roughness, roundness, rigidity, angular mismatch
(whether through design or as a result of manufacturing
tolerances), and location of taper lock (proximal versus
distal) are known to influence micromotion [2, 25, 33].
Surgeon-related factors include magnitude and orientation
of the impact blow when seating the femoral head, cleanli-
ness of tapers prior to locking, and selection of component
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sizes to reduce the resultant moment arm at the head-neck
junction [30, 32].

Secondly, MACC occurrence requires a conducting me-
dium. Crevice corrosion occurs when metal surfaces are
partially shielded from the environment. It can occur to
metals that would typically be resistant to pitting or other
types of corrosion and is generally seen to occur in threaded
types of junctions [8]. In modular THA connections, narrow
crevices where fluid penetration can occur exist. During
loading, the passive oxide film of the metal is ruptured,
leading to dissolution of metal ions in the crevice fluid.
The exposed metal surface reacts with oxygen in the fluid
to form passive oxide and depletes the solution of oxygen.
As the fluid is entrapped in a crevice, it has no access to
fresh fluid to increase oxygen concentration. As the process
of rupturing of the passive oxide and reformation of the
passive oxide continues, the crevice gets depleted of oxygen
and gets rich in metal ions. The metal ions react with
chloride ions in the fluid to form metal chlorides. Metal
chloride reacts with water to form metal hydroxide and
hydrochloric acid, which reduces pH of the fluid.

This reduction in pH can chemically reduce the passive
oxide and thus leads to etching and pitting of the surfaces as
has been observed clinically for some retrievals [11]. This
particular model does not require that the mating surfaces be
dissimilar for galvanic interaction. In MACC, disruption of
the surface oxide due to repeated micromotion and restricted
transport of oxygen in the crevice leads to significantly
lower pH, which can result in active attack of the metals.
Acidic environments with a pH below 3.0 have been ob-
served during THA revision [23, 37] and are known to be a
contributing factor in MACC. The oxide of cobalt-
chromium-molybdenum (CoCrMo), a material used exten-
sively in femoral heads and in some THA stems, is known to
be thermodynamically unstable at a pH below 3.5 [11].
However, certain metals or alloys may perform better than
the others based on the pH of the crevice. For example, in a
simulated fatigue test with an acidic pH of 3.5, a stainless
steel head on a stainless steel trunnion showed much higher
corrosion than a CoCrMo head on a titanium-6aluminum-
4vanadium (Ti-6Al-4V) trunnion and oxidized zirconiuim-
2.5niobium (OxZr) head on Ti6Al4V trunnion [31]. Material
selection is one of the primary means by which to combat
corrosive attack. Choosing materials that are more inert may
lessen the likelihood of corrosive interactions.

Thirdly, patient-related factors influencing MACC may
be more difficult to predict. While correct sizing is appro-
priate, larger head diameters are increasing in popularity due
to the ability to achieve greater stability and avoid disloca-
tion [1, 18]. Anatomical constraints may necessitate head
offsets away from neutral, such that the femoral head center
is not aligned with the stem gage point. Patient compliance
varies, as does the orientation and magnitude of loading
vectors due to patient BMI and activity levels. Expected
time in vivo can vary greatly from one patient to another.
The purpose of this study was to assess an on-going 22-year
retrieval database to determine if correlations exist between
severity of corrosion artifacts and head size, time in vivo,
head offset, or head material.

Materials and Methods

Retrieved THA femoral heads revised from 1997 to 2014
were investigated for corrosion artifacts in this study. Exclu-
sion criteria included less than 1 week in vivo and mono-
lithic ceramic heads. Tapers with such short in vivo
durations were not expected to be associated with corrosion.
Monolithic ceramic heads in the database were primarily
revised due to fracture, making analysis difficult, and were
therefore excluded. Investigation included a semi-
quantitative scoring method, scanning electron microscopy
(SEM) analyses, and vertical straightness profile (VSP)
measurements. As a validation measure, the agreement of
visual and semi-quantitative scoring methods was assessed
using the retrieved components.

Head tapers were scored independently by a panel ac-
cording to Goldberg et al. for assessment of corrosion [12].
Tapers were manually cleaned with a mild detergent
(CitriSurf, Stellar Solutions, McHenry, IL USA) and
cotton-tipped applicator for removal of biological contam-
inants prior to characterization. A score of 1 (none), 2
(mild), 3 (moderate), or 4 (severe) was given to a taper
surface depending on the level of discoloration, fretting,
and corrosion evidence. Tapers from metal-on-polyethylene
hips exhibiting worst-case fretting and corrosion features
(Goldberg Score [GS] ≥ 3) were further analyzed using
electron microscopy, energy-dispersive x-ray spectroscopy
(EDAX), and profilometry. Vertical straightness profile
(VSP) measurements were taken on this subset of heads
as an additional measure to quantify corrosion within the
taper contact region by measuring linear depth of material
loss. VSP analyses of the tapers were measured using a
Taylor Hobson TR290 roundness machine (Leicester, UK)
with a 1-mm ruby-tipped probe using the straightness mea-
surement function of the machine. Measurements started at
0.5 mm from the proximal end through the whole taper
length to the distal rim at a scanning speed of 1 mm/s.
Using the profile within the non-contact region as a refer-
ence, the depth of material loss (or build-up) in the contact
region was measured from the VSP profile using Taylor
Hobson Ultra 2.0 software, as has been previously docu-
mented [24]. For each measured taper, eight VSPs were
taken in line with the long axis of the taper at 45° intervals
around the circumference. Since most heads were returned
either without a stem or disassociated from a returned stem,
the orientation of each head was unknown. In an effort to
standardize the scans, a 0° start point was designated as a
reference by marking each head at the same location near
the company logo. Deviations from straight were used to
represent depth of linear material loss. Profile mapping
around the circumference of each head at the 45° intervals
was acquired by reporting the maximum depth of linear
material loss from each of the eight scans.

Data was reported as average ± standard deviation.
Where applicable, Pearson correlation coefficients (r) or
adjusted correlation coefficients (radj) were determined with
regression analyses. Fisher’s f tests for variance and two-
tailed Students’ t tests for differences between means were
conducted at α = 0.05.
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Results

There were 210 retrieved femoral heads that met the inclu-
sion criteria. All femoral heads were coupled with either
CoCrMo or Ti-6Al-4 V stems. The majority of the head
tapers were 12/14 in size (n = 136, 65%). Head sizes ranged
from 22 to 56 mm diameter, and there were n = 111 heads
(53%) that were 36 mm or greater in diameter. Both metal-
on-polyethylene (MoP, n = 145, 69%) and metal-on-metal
(MoM, n = 65, 31%) bearings were scored. The top three
reported reasons for revision were stem fracture (n = 48,
23%), unexplained pain (n = 42, 20%), and dislocation
(n = 38, 18%). Corrosion or metallosis was reported as pri-
mary reason for revision in n = 18 (9%) cases and positive
identification of pseudotumor in n = 3 (1%) MoM devices.

The aggregate Goldberg Score (GS) for the retrieved
femoral heads was 2.4 ± 0.9, indicating that on average mild
corrosion evidence was found on the examined devices.
There was not a strong positive correlation between increas-
ing head size and increasing corrosion score (radj = 0.42,
p > 0.05) when both MoP and MoM heads were analyzed
together. Given that MoM heads are associated with larger
head sizes and tapers of large diameter MoM total hips have
been the source of metallosis issues reported in the literature
[35], these datasets were also analyzed separately. Within
each subset, the correlation between increasing head size
and increasing GS was reduced even further (MoP radj =
0.07, p > 0.05; MoM radj = 0.19, p > 0.05), indicating the
inclusion of MoM within the analyses may have contributed
to the correlation. However, there was no statistically signif-
icant difference between the GS of MoP versus MoM heads
(2.2 ± 0.9 versus 2.8 ± 1.0, respectively; p > 0.05).

Time in vivo was known for n = 138 (66%) of the fem-
oral heads investigated. The average time in vivo was 2.9 ±
2.7 years and ranged from 1 week to 15 years. A weak
positive correlation existed between increasing time
in vivo and increasing corrosion score (radj = 0.28,
p < 0.05). As the most frequent reason for revision in this
database was stem fracture, which by inference may indicate
a shorter time in vivo, these datasets were analyzed sepa-
rately. Heads with known in vivo times and coupled with
fractured stems (n = 17) averaged 1.7 ± 1.3 years in the body,
while heads revised for other reasons (n = 121) averaged 3.0
± 2.8 years (p < 0.05). However, there was no difference
between the GS for those femoral heads associated with
stem fracture as compared to other reasons for revision
(2.4 ± 0.8 versus 2.4 ± 0.9, respectively; p > 0.05).

Eight femoral head offsets were included in this study
ranging from −3 to +12. There was a very strong parabolic
correlation between head offset and average corrosion score
(r = 0.93), with more neutral offsets trending toward lower
scores. Higher scores were observed with the progression
away from neutral head offsets (Fig. 1).

Two head materials were found in the database: CoCrMo
and OxZr. There were n = 165 (79%) CoCrMo and n = 45
(21%) OxZr heads. CoCrMo heads exhibited higher scores
as compared to OxZr heads (2.5 ± 1.0 versus 1.9 ± 0.7, re-
spectively, p < 0.05). When MoM bearings were removed
from this comparison, CoCrMo heads still exhibited higher

scores as compared to OxZr heads (2.3 ± 0.9 versus 1.9 ±
0.7, respectively, p < 0.05). There were n = 22 (76%)
CoCrMo heads and n = 7 (24%) OxZr heads that received
a score of 3. There were n = 8 (89%) CoCrMo heads and n =
1 (11%) OxZr head that received a score of 4. Large areas of
black discoloration were observed on CoCrMo femoral head
tapers receiving a score of 3 or 4 (Fig. 2). Observations were
largely limited to mechanical surface disruptions on the
OxZr head tapers scoring a 3 or 4 (Fig. 3). The one OxZr
head scoring a 4 was in vivo only 1 month and exhibited
signs of dislocation. Its surface damage was shown to be
mechanical deformation localized to the mouth outside the
taper contact region (Fig. 4).

Distinct regions of contact and non-contact were ob-
served on CoCrMo head tapers (Fig. 5a). Fretting scars
spanning multiple adjacent machine lines were also ob-
served. SEM analyses showed corrosion evidence primary
localized to the distal contact taper regions. Mechanical
deformation was greatest at the gage point regions, and
evidence of stem imprinting was visible on CoCrMo femoral
head tapers. These features were not observed on OxZr
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Fig. 1. Average (±SD) GS for each femoral head offset analyzed
showing a parabolic correlation (dashed line, r = 0.93) with offsets
away from neutral indicating higher scores.

Fig. 2. CoCrMo head which received a GS of 4 due to visual signs of
severe corrosion as characterized by large areas of black discoloration
and multiple bands of fretting scars spanning adjacent machine lines.
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heads (Fig. 5b). Metal transferred from the stem was found
within femoral head tapers paired with Ti-6Al-4V stems as
confirmed by EDAX spectra in these regions, which showed
peaks consistent with Ti-6Al-4V. Chromium-rich precipitate
build-up was observed near the contact/non-contact demar-
cation zones. Higher chromium versus cobalt peaks and high
oxygen content indicated these build-up regions were likely
chromium oxide.

VSP measurements were taken on all MoP heads that
received a score of 3 (n = 29) or 4 (n = 9). Measureable
material loss was found on 17 CoCrMo heads (Fig. 6). No
measureable material loss was found on any OxZr heads
(Fig. 7). The dislocated OxZr head showed mechanical
deformation, which was at the taper mouth and not attribut-
able to MACC. The maximum depth of linear material loss
for MoP CoCrMo heads ranged from 1 to 103 μm. All
CoCrMo heads with measureable material loss showed
macro- and microscopic features of MACC, such as surface
discoloration, stem imprinting marks, and deposits of
chromium-rich debris.

Tapers scoring a 4 had higher average maximum depth of
linear material loss values as compared to tapers scoring a 3

(35 ± 42 versus 2 ± 5 μm, respectively, p = 0.05). Thus, there
was positive corroboration between the semi-quantitative
Goldberg scoring and quantitative VSP methods.

Discussion

Modularity in THA devices remains a beneficial surgical
tool that provides options tailored to patient needs. For the
majority of patients, mechanical taper locking provides an
excellent junction between the stem neck and femoral head.
In some cases however, the potential exists for complica-
tions due to increased modularity. One such complication
has been explained to arise via the MACC pathway, which
leads to oxide depletion and an increase in acidity in the
local taper environment. The understanding of MACC prev-
alence in THA is growing. Although MACC can be attrib-
uted as the cause for only a small percentage of THA
revisions, the percentage is not negligible. Retrospective
postulations that diagnoses for unexplained pain may be
MACC certainly call for greater research into variables
affecting corrosion [16]. Visual and quantitative scoring
methods have been used to assess these variables [12, 29],
which were employed with adequate agreement in this study.
While correlation does not imply causation, in this study,
femoral head size, time in vivo, head offset, and head mate-
rial were evaluated as potential contributors to MACC based
on a 22-year retrieval database.

Increasing the femoral head size theoretically increases
the resultant moment arm at the THA head-neck junction. It
has been shown that this influences the amount of torque
generated at this junction [9, 15]. Based on these principles,
larger head diameters (i.e., 36 mm and greater) are thought
to be more susceptible to fretting and corrosion due to the
potential for generating higher torques. However, this find-
ing has not been universally supported for MoP bearings
[20, 28]. And based on the retrieval findings in this study, no
correlation was found between increasing head size and
increased corrosion evidence as measured by two
established analysis methods. It is important to note, how-
ever, that this study investigated femoral head tapers from a

Fig. 3. OxZr head which received a GS of 3 due to visual signs of
mechanical surface disruptions on the taper surface.

Fig. 4. The OxZr head receiving a GS of 4 showed a localized deformation (arrows) primarily b at the taper mouth due to dislocation.
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single manufacturer, which merits caution when extrapolat-
ing to other taper designs.

Likewise, time in vivo was not a major contributor to
higher corrosion evidence. There was a weak correlation
between increased time and increased corrosion (radj =
0.28, p < 0.05), and MACC is expected to be a time-
dependent mechanism through which some threshold must
exist before corrosion onset occurs, but other extenuating
circumstances seem to have a greater effect. With much
fewer retrievals analyzed, some authors have found more
conclusive evidence time in vivo is a significant contrib-
utor to presence of corrosion [11, 17], while still others
show little effect of time [5]. We chose to include re-
trievals with in vivo times less than a month but did not
expect nor find significant corrosion evidence on these
tapers. However, there were tapers with relatively low
in vivo times (less than 1 year) that received scores of 4
and had measureable material loss. Contradistinctively,
there were also tapers with in vivo times greater than

5 years that received scores of 1. Time in vivo may be a
confounding factor but does not appear to be the primary
driver of MACC.

Similar to head size, femoral head offset also contributes
to the resultant moment arm at the THA head-neck junction.
Eight head offsets were evaluated in this study. A −3 head
offset is characterized by the head center being distal to the
gage point, and a +12 head offset is characterized by the
head center being proximal to the gage point. A neutral
offset occurs when the head center and gage point are
aligned. These distances vary based on taper design, and a
+0 offset does not necessarily mean exact alignment. But
head offset was shown to be a major contributor to corrosion
evidence in this study. The combination of options for stem
neck offsets (standard, high, varus, valgus) and femoral head
offsets add to the complexity of taper engagement and
subsequent in vivo loading induced micromotion. The pur-
pose of this study did not include investigation of stem
offsets or the varying load conditions that exist in vivo on

Fig. 5. aWorst-case CoCrMo head (GS: 4) showed evidence of MACC and b worst-case OxZr head (GS: 3) which showed no MACC evidence.

Fig. 6. One (of 8) VSP scans taken from a CoCrMo head showing distinct contact and non-contact regions within the taper, stem imprinting, and
maximum linear material loss.
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these tapered surfaces, and these variables may also play a
role.

The use of CoCrMo as a THA material has been reported
to be linked with presentation of adverse local tissue reac-
tions associated with ion release from MoP devices [6],
indicating this phenomenon is not constrained to MoM
alone. This follows MACC theory, which suggests that the
chromium oxide layer of CoCrMo alloy is thermodynami-
cally unstable at low pH [11]. Chromium-rich precipitates
and other artifacts were found on the femoral head tapers
associated with high corrosion scores and deviations from
vertical straightness in this study. These features were absent
from OxZr femoral head tapers, which displayed lower
scores and no measureable material loss. OxZr femoral
heads have a transformed ceramized metal substrate that
provides a greater degree of inertness [7, 27] and may not
be as susceptible to the issues with mixed alloy combina-
tions others have reported [5, 12]. As femoral head material
is one of the few parameters under surgeon control for any
given taper design, a ceramic taper is a viable option. In-
deed, recent findings of corrosion of metallic heads have
propagated the use of ceramics as an alternative bearing
material. While complications with ceramics in primary
THA are uncommon, revising to a monolithic ceramic head
requires the use of an additional titanium sleeved junction
which may corrode, opens up the possibility for phase
transformation while in vivo [3, 10, 14], and may cause
further susceptibility to fracture or third body wear [13, 19,
21, 22, 36]. This fracture risk is eliminated when OxZr heads
are used [34]. Additionally, as the oxide layer of any implant
helps protect it in an acidic environment, improving its depth
and hardness reduces corrosion susceptibility. The oxide
layer of OxZr has been shown to be orders of magnitude
thicker and twice as hard as that of CoCrMo [26]. Thus, a
greater magnitude of micromotion is required for surface
disruption to occur.

MACC can be mitigated through design-related and
surgeon-related factors. Reducing micromotion through
manufacture and design and improving outcomes through
surgical technique, material, and size selections are impor-
tant. CoCrMo heads have years of clinical success, but as
shown in this retrieval assessment are still associated with
MACC, with quantifiable material loss and evidence of
corrosion artifacts. Two analysis techniques were employed
in agreement to this finding, which is further validated
through a purview of the current orthopedic literature.
Though many confounding variables contribute to MACC,
in this study, a strong correlation was not observed for head
size or time in vivo and corrosion score. However, signifi-
cant correlations existed between head offset and head ma-
terial. More neutral offsets and OxZr heads are associated
with decreased corrosion damage. Reducing the moment
arm at the THA head-neck junction and choosing a more
inert material provide greater resistance to corrosion.
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Fig. 7. One (of 8) VSP scans taken from an OxZr head showing no evidence of MACC features.
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