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viding the benefits of intraoperative flexibility and the ability to exchange the femoral heads
in the future if necessary. However, this feature has unfortunately predisposed patients to
the effects of corrosion, potentially resulting in adverse local tissue reactions (ALTR) and
even systemic effects. A thorough understanding of the science of corrosion is important
for the treating surgeon so that they can understand the underlying pathology, quickly diag-
nose the condition of ALTR, and risk stratify their patients to determine the best method of
treatment. Revision surgery is not always necessary in cases of trunnionosis or ALTR, but
the results of revision surgery are generally favorable.
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Introduction

Since the late 1980s, modularity in total hip arthroplasty
has become increasingly prevalent.1,2 Initially, modular

femoral heads were introduced, providing the benefits of
intraoperative flexibility and the ability to exchange the fem-
oral heads in the future if necessary.3-5 Following this, femo-
ral stems with modular connections between the neck and
body of the stem were introduced, allowing for adjustments
in version, offset, and length separate from femoral stem fixa-
tion.6,7 The introduction of these components brought about
concerns regarding metal corrosion at the modular connec-
tions8,9 These concerns were corroborated in the early
1990’s by reports of fretting, crevice, and galvanic corrosion
that were observed in retrieved hip implants.10 Additionally,
soft tissue reactions from the corrosion, currently labeled
adverse local tissue reaction (ALTR), began to be linked to
head-neck trunnion corrosion.11
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Metal-on-metal (MoM) hip implants historically were asso-
ciated with metal-related tissue necrosis and revision.12 How-
ever, in an attempt to address concerns with conventional
polyethylene wear, MoM bearing use became more popular in
the early- to mid-2000’s. During this time, soft tissue reactions
associated with metal resurfaced as a cause of implant failure
with some arthroplasty models.13-16 Using varying diagnostic
tools, multiple studies reported that metal-associated tissue
destruction, which was originally believed to be exclusive to
MoM implants, could similarly be detected in arthroplasty
designs utilizing metal-on-polyethylene bearings.17-19 The
extent that ALTR in MoM hip replacements is secondary to
metal wear debris from modular taper junction corrosion or
from the MoM articulation has yet to be determined.20,21

Most modern total hip arthroplasty implants incorporate
modularity into their designs, and it is essential that orthope-
dic surgeons recognize the process by which corrosion at
these interfaces can affect implant outcomes. This article dis-
cusses the concepts of corrosion effects on implant surfaces,
the way passive oxide layers insulate metal from corrosion,
the varying categories of implant related corrosion, and how
these interrelate at modular taper junctions to hasten corro-
sion and reduce implant performance. Furthermore, this arti-
cle explores the corrosion associated complication of ALTR
and provides insight into how to diagnose and manage this
complication.
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Corrosion Basic Science
The process of corrosion occurs from a material’s inherent
drive to reach a lower chemical energy state. This is accom-
plished through the flow of electrons from an anode towards
a cathode, and it requires minimal activation energy. The
reaction may be violently exothermic if a metal that does not
possess an insulating metal-oxide layer is directly exposed to
an aqueous solution or oxygen. To counter this violent exo-
thermic reaction, orthopedic implants rely on a protective
oxide film, also known as a passive layer, to provide protec-
tion against corrosion.
The process of corrosion may be divided into 3 steps, as

seen in Figure 1. During the first phase, oxidation occurs as
cations are removed when metal from a metal surface dis-
solves into an aqueous environment. Following this, reduc-
tion occurs when electrons are attracted to a differential
charge at another location on the metal surface, and an elec-
trical current is created as electrons are detached from the
surface. Finally, byproducts, namely metal oxide or insoluble
metal hydroxide, form a protective surface on the metal. This
insulating surface forms through a process known as “passiv-
ation,” and it hinders the kinetics of corrosion.22

Orthopedic implants rely on the passive “chemically sta-
ble” metal oxide layer to inhibit the process of corrosion. In
contrast to metal hydroxide, metal oxide provides more insu-
lation as it has more stability and is less dissolvable. These
properties inhibit the movement of ions from a solution’s
aqueous layer to the metal surface, reducing the degree of
corrosion. It is important to note that these insulating surfa-
ces can only develop with certain metal alloys, such as tita-
nium, chromium, tantalum, niobium, and zirconium. Other
metals such as aluminum, copper, lanthanide may develop
Figure 1 The basic steps of corrosion. During the first phase (1), oxi-
dation occurs as cations are removed when metal from a metal sur-
face dissolves into an aqueous environment. Following this,
reduction occurs when electrons are attracted to a differential charge
at another location on the metal surface, and an electrical current is
created as electrons are detached from the surface (2). Finally,
byproducts, namely metal oxide or insoluble metal hydroxide, form
a protective surface on the metal (3). This insulating surface forms
through a process known as “passivation,” and it hinders the kinet-
ics of corrosion. e�, electrons; M, elemental metal; M+, cationic
metal ion; OH�, hydroxide ion; H2O, water; O2, oxygen; H2, hydro-
gen; MO2, metal oxide; MOH, metal hydroxide.
metal oxide layers, however, these insulating films typically
rapidly dissolve when exposed to chloride ions, which is a
key component of physiologic solutions. Metal hydroxide
surfaces may also form from metal in alloys, but this has
much less capability to inhibit corrosion due to its instability.

Although corrosion may still happen following passiv-
ation, the insulating layer acts as a kinetic barrier and
decreases the rate of the corrosion process. Passivation affects
the thermodynamics of the reaction by raising the activation
energy required. The insulating layer develops rapidly on
metal surfaces, and corrosion is prevented if the layer
remains homogenous, allowing it to protect the surface of
the metal from the aqueous solution, as seen in Figure 2.
Insulating surfaces derive their ability to protect against cor-
rosion because of their stability and their depth. The passive
layers are dynamic, as the depth of the surface results from
an equilibrium between processes that dissolve and those
that develop the surface, and based upon the current crossing
the layer and acidity of the adjacent aqueous solution.23
Types of Corrosion
The commonly discussed categories of corrosion that may
transpire on orthopedic implants comprise of pitting, crevice,
frettings, and mechanically assisted crevice corrosion
(MACC). These categories of corrosion can be thought of as
a span that is dependent upon a metal alloy’s capability to
protect its shielding passive film from dissolving.

Pitting corrosion refers to corrosion from a contained dis-
turbance in the insulating film, as seen in Figure 3. This dis-
turbance in the protective layer results in a more suitable
setting for corrosion by reducing the activation energy obsta-
cle for corrosion and increasing the kinetics in that zone. Dis-
turbances that form in the protective layer lead to the
formation of an anode and isolated corrosion.24 This may
occur if 1 zone forms the more dissolvable hydroxide rather
than the more stable oxide, rendering this area vulnerable to
defects on the protective layer. Halides, such as chlorine, are
plentiful in physiologic solutions that can lead to the dissolu-
tion of oxides. This permits a greater stream of metal ions to
leak from this small disturbed zone in the protective layer. In
response, a cathode may form over a sizeable distant area as
a consequence of the development of a point anode, generat-
ing a potential charge that may result in current flow and
ultimate galvanic corrosion.24,25

Crevice corrosion, seen in Figure 4, refers to corrosion in a
gapped area where there is restricted circulation of ions to and
from the area, producing extremely corrosive conditions.
These conditions result in the requirement of a lower activa-
tion energy to cause corrosion than that of pitting corrosion.
With regards to orthopedic implants, the total hip arthroplasty
trunnion represents a sealed setting that does not allow for ion
circulation. In reality, there is only a limited seal at a distinct
area on the neck-head taper link, rather than throughout the
complete taper surface. The sealed portion of the trunnion
does, however, hinder the circulation of ions and oxygen. This
interferes with the ability of the protective layer to redevelop



Figure 2 Prevention of corrosion by a passive metal oxide layer. Passivation affects the thermodynamics of the reaction
by raising the activation energy required. The insulating layer develops rapidly on metal surfaces, and corrosion is pre-
vented if the layer remains homogenous, allowing it to protect the surface of the metal from the aqueous solution. Insu-
lating surfaces derive their ability to protect against corrosion because of their stability and their depth. The passive
layers are dynamic, as the depth of the surface results from an equilibrium between processes that dissolve and those
that develop the surface and based upon the current crossing the layer and acidity of the adjacent aqueous solution. e�

electrons; M elemental metal; M+ cationic metal ion; OH� hydroxide ion; H2O water; O2 oxygen; H2 hydrogen; MO2

metal oxide; MOH metal hydroxide.

Figure 3 Pitting corrosion. Disturbances that form in the protective layer lead to the formation of an anode and isolated
corrosion. This may occur if 1 zone forms the more dissolvable hydroxide rather than the more stable oxide, rendering
this area vulnerable to defects on the protective layer. In response, a cathode may form over a sizeable distant area as a
consequence of the development of a point anode, generating a potential charge that may result in current flow and
ultimate galvanic corrosion. e� electrons; M elemental metal; M+ cationic metal ion; OH� hydroxide ion; H2O water;
O2 oxygen; H2 hydrogen; MO 2 metal oxide; MOH metal hydroxide.

Figure 4 Crevice corrosion. Crevice corrosion refers to corrosion in a gapped area where there is restricted circulation of
ions to and from the area, producing extremely corrosive conditions. These conditions result in the requirement of a
lower activation energy to cause corrosion than that of pitting corrosion. e� electrons; M elemental metal; M+ cationic
metal ion; OH� hydroxide ion; H2O water; O2 oxygen; H2 hydrogen; MO2 metal oxide; MOH metal hydroxide.
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as oxygen is required to redevelop the metal oxide film. In
addition, acidic conditions develop secondary to the high lev-
els of hydrogen ions that hastens corrosion. Finally, the high
levels of available chloride result in instability of the protective
film and render it prone to dissolution. All of these factors
result in the development of a nonuniform protective layer
that is unable to insulate the metal surface from the aqueous
solution resulting in corrosion.
Fretting corrosion refers to mechanical wear of a metal that

causes breakdown of the protective insulating layer. When
this corrosion takes place within a crevice, as can be seen in
Figure 5, the term MACC is used. Tribocorrosion is another
term that is defined by the combination of wear and corro-
sion.26,27 Mechanical stresses interrupt the insulating later
that protects the metal surface from corrosion. With regards
to orthopedic implants, this occurs when minute movements
amongst the taper surfaces may disrupt the protective layer,
resulting in substantial fretting corrosion or MACC.
Trunnion Corrosion
With regards to the total hip arthroplasty trunnion, multiple
features may affect the stability of the protective layer. One of
these features is the gradient in which the taper surfaces
exists in relation to the long axis of the implant.28 Multiple
other features of the taper structure, including the elastic
modulus of the metal, contribute to the structural rigidity.
Several studies have demonstrated that other factors that
affect structural rigidity, such as smaller diameter trunnions
and shorter taper length, are key parameters that result in
trunnion corrosion.29-33 Despite this, the effect that these dif-
ference design parameters contribute towards susceptibility
of an implant to corrosion in vivo settings is unclear.
In addition, the amount of mechanical forces through the

trunnion may also affect the ability of the protective film to
resist corrosion. For example, femoral heads with greater
diameters likely have more physical distortion at the taper
junction and an increased amount of movement amongst
the mating surfaces. This theoretical concern has been
Figure 5 Fretting corrosion or MACC. Fretting corrosion refers
the protective insulating layer. When this corrosion takes plac
corrosion (MACC) is used. e� electrons; M elemental metal;
O2 oxygen; H2 hydrogen; MO2 metal oxide; MOH metal hydro
demonstrated clinically in reports that have demonstrated
that femoral heads with greater diameters are linked to the
development of ALTR.34-36 It is commonly acknowledged
that greater amounts of mechanical forces and motion across
the trunnion secondary to differing model designs causes
corrosion and subsequent ALTR.
Diagnosis of ALTR
Patients may present with symptomatic ALTR at various
timepoints after a total hip arthroplasty. While large cohort
studies suggest that the mean time to presentation is approxi-
mately 4 years following total hip arthroplasty8, there are
reports of patients presenting with ALTR within the first year
or up to several decades following the index procedure.18

The most common clinical presentation of a patient with
ALTR is pain in or around the peritrochanteric region, the
buttock, thigh, or the groin. Although, many cases of ALTR
may be asymptomatic37, patients may also present with pal-
pable fluid collections near the hip, and others may exhibit a
limp secondary to muscle weakness.8 A small subset of
patients with ALTR may also demonstrate symptoms of hip
instability without the presence of baseline pain. Consequen-
tially, ALTR secondary to trunnion corrosion must be a com-
ponent of the differential diagnosis of patients presenting
with recurrent instability in the absence of other clears
causes. Evaluation of serum metal levels commonly reveals
cobalt and chromium levels above reference values, with a
greater magnitude of serum cobalt elevation in comparison
to chromium.38

It is essential that prosthetic joint infection (PJI) is ruled
out in the differential diagnosis when addressing patients
suspected to have developed ALTR. This may be difficult as
PJI and ALTR may both present with similar symptoms, such
as pain, fluid collections, and elevated inflammatory marker.
In addition, it may be problematic to obtain an accurate cell
count in the presence of clumped cells and metal debis.38

Despite these challenges, there are still validated methods to
help the treating surgeon distinguish between ALTR and PJI.
to mechanical wear of a metal that causes breakdown of
e within a crevice, the term mechanically assisted crevice
M+ cationic metal ion; OH� hydroxide ion; H2O water;
xide.
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While inflammatory markers have been demonstrated to be
elevated in approximately half of patients with ALTR,
using cutoff values of (Erythrocyte Sedimentation Rate)
ESR = 32 mm/h and (C-reactive Protein) CRP = 10.0 mg/L
have been reported to be effective in distinguishing between
PJI and ALTR.39 With regards to synovial fluid analysis, it
has been reported that up to one-third of samples may be
inadequate for analysis secondary to the presence of clots,
fragmented cells, and amorphous material. However, when
adequate samples are obtained, cutoff values of (White
Blood Cell) WBC = 4350 WBC/mL and differential of 85%
polymorphonucleocytes have been demonstrated to have
high diagnostic utility.39

With regards to imaging, initial evaluation generally
involves obtaining plain radiographs. While radiographs may
detect other causes of painful hips in the context of total hip
arthroplasty such as component loosening, periprosthetic frac-
ture, or component mispositioning, ALTR generally does not
present with radiographic findings.38 For this reason,
advanced imaging is generally recommended to further
workup a differential diagnosis that includes ALTR. Computed
tomography, ultrasound, and MRI have all been proposed to
have advantages and disadvantages for imaging potential
ALTR.40 However, metal-artifact reduction sequencing MRI
has been demonstrated to have high sensitivity and ability to
detect tissue damage, and thus is the imaging modality of
choice when working up a potential diagnosis of ALTR.38
Management of ALTR
Patients who develop pain in the context of soft tissue dam-
age from ALTR typically require revision surgery to address
the damaged tissue and to prevent further corrosion and pro-
gressive damage. Early surgical treatment is supported by
studies that have demonstrated more severe soft tissue dam-
age in patients with longer durations between presentation
with ALTR and surgical treatment.41 However, in patients
with a painless total hip arthroplasty with evidence of pseu-
dotumor, management may be dictated by risk-stratification
as described by Kwon et al This stratification system is based
upon patient symptoms, clinical exam, femoral implant mod-
ularity type, radiographs, inflammatory markers, metal ion
levels, and cross-sectional imaging. Patient’s who fall into the
low risk group may undergo continued observation with
routine annual follow-up. Those in the moderate risk group
should be considered for revision surgery if symptoms or
imaging abnormalities progress, or if rising metal ion levels
are noted over a course of 6 months. Finally, the patients in
the high-risk category should be considered for revision sur-
gery at the time of presentation. However, if they elect to
decline surgery they should be followed at 6-month intervals,
similar to those in the moderate risk category.42

Studies have demonstrated that the trunnion’s integrity is
preserved in most instances of head-neck junction corro-
sion.8 Therefore, generally the standard of care for treating
ALTR involves replacement of the femoral head without
removal of the femoral stem. This has been supported by
evidence revealing that a femoral head replacement on a cor-
roded trunnion with no gross visible volume loss is not
linked to poor outcomes or early failure.43 To prevent addi-
tional corrosion and eliminate 1 source of chromium and
cobalt, it is recommended that the femoral head is replaced
with a ceramic head on a titanium sleeve.44 It is possible that
older arthroplasty designs do not allow for placement of a
ceramic head. In these situations, the producer of the implant
can potentially provide a custom head. If this is not feasible, a
metal head can be utilized, but this is not ideal and may pre-
dispose the patient to recurrent ALTR.18

Following revision surgery for ALTR, patients have accept-
able results. It has been noted that cobalt and chrome levels
decrease quickly following surgery.18 In addition, patients
generally demonstrate an improvement as based upon Harris
Hip Scores.8 Despite these typical results, patients who
undergo revision surgery for ALTR are at increased risk of
complications, such as sciatic nerve palsy, instability, and
infection. Of these, instability is the most frequent complica-
tion, potentially due to muscle injury from the ALTR or the
debridement to address the condition. As a result, some
patients do go onto a second revision surgery with a liner
exchange to a constrained liner.45
Conclusion
The incorporation of modularity into modern total hip
arthroplasty designs has brought many benefits to physicians
and patients alike, however, it has also predisposed patients
to the effects of corrosion at the modular interfaces. A thor-
ough understanding of the science of corrosion is important
for the treating surgeon so that they can understand the
underlying pathology and risk stratify their patients to deter-
mine treatment. Revision surgery is not always necessary in
cases of trunnionosis or ALTR, but the results of revision sur-
gery are generally favorable.
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