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A B S T R A C T

Background: Joint replacement implants are usually manufactured from cobalt-chromium or titanium alloys.
After the device is implanted, wear and corrosion generate metal particles and ions, which are released into local
tissue and blood. The metal debris can cause a range of adverse local and systemic effects in patients.
Research problem: In the case of cobalt and chromium, a blood level exceeding 7 μg L−1 indicates potential for
local toxicity, and a failing implant. It has been repeatedly suggested in the literature that measurement of
titanium could also be used to assess implant function. Despite an increasing interest in this biomarker, and
growing use of titanium in orthopaedics, it is unclear what blood concentrations should raise concerns. This is
partly due to the technical challenges involved in the measurement of titanium in biological samples.
Aim: This Review summarises blood/serum titanium levels associated with well-functioning and malfunctioning
prostheses, so that the prospects of using titanium measurements to gain insights into implant performance can
be evaluated.
Conclusion: Due to inter-laboratory analytical differences, reliable conclusions regarding “normal” and “ab-
normal” titanium levels in patients with orthopaedic implants are difficult to draw. Diagnosis of symptomatic
patients should be based on radiographic evidence combined with blood/serum metal levels.

1. Introduction

Joint arthroplasty is a successful and cost-effective way to relieve
arthritic pain and improve quality of life of its recipients [1]. The
procedure involves removing either part, or all, of the diseased joint
surface, and replacing it with synthetic components. In general, hip
implants consist of two basic parts: the ball (femoral head), which is
manufactured from metal or ceramic, and the socket (acetabular cup),
which can be made of polyethylene, ceramic or metal. In total hip ar-
throplasty (THA), a long metal stem is inserted into the femur, which
connects with the femoral head via a tapered neck. This is in contrast to
hip resurfacing (HR), whereby the patient’s femur is simply reshaped
and capped with a metal covering. Knee implants are comprised of a
metal femoral component and a polyethylene tibial component, which,
in some designs, is supported by a metal backing. Depending on the
material combination used in the articulation, joint implants are clas-
sified as metal-on-plastic (MoP), ceramic-on-plastic (CoP), ceramic-on-
ceramic (CoC), or metal-on-metal (MoM).

Titanium (Ti) and its alloys are being used in the production of
many different medical devices, including joint replacement implants
[2–5]. The metal has been praised for its superior physicochemical

properties, corrosion-resistance [6] and biocompatibility. However, a
number of recent studies suggest that titanium-based implants exhibit
wear and/or corrosion in physiological environments [7,8], releasing
pro-inflammatory byproducts into the surrounding tissue [9–13] and
blood [14,15]. Unlike cobalt, titanium is highly insoluble, and not
readily excreted in the urine. Instead, it gradually accumulates in distal
organs [16–19], which can lead to tissue injury [17,20–25]. Despite the
emerging safety concerns, the metal has so far received relatively little
attention. The exact mechanism of titanium release from implants, the
identity of the species released (particles vs ions), and their cellular fate
is unclear. The baseline and toxic levels of titanium in biological fluids
also remain unestablished, due to the poor availability of reliable
methods of detection. Even though high resolution instruments were
recently shown to accurately measure titanium concentration in the
blood, they are only offered in a handful of specialised laboratories,
making routine monitoring difficult.

As the number of joint replacements continues to increase every
year, the use of titanium in total joint arthroplasty (TJA) is predicted to
rise. Blood titanium level could potentially be used to monitor implant
performance and help identify malfunctioning prostheses before they
fail. In this Review, we sought to give a detailed account of titanium in
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TJA, and summarise the blood levels associated with well-functioning
and malfunctioning prostheses, so that clinical utility of blood titanium
monitoring can be evaluated.

2. Release of titanium from joint implant components

Titanium is regarded as one of the safest and most biocompatible
implant materials, and is used extensively in orthopaedics- mainly in
the production of femoral stems, acetabular cups and metal backing of
tibial components. Since pure titanium is relatively soft, it is often
combined with other metals to increase its strength and rigidity. The
most popular choices include titanium 6-aluminium 4-vanadium
(TiAlV) and titanium 6-aluminium 7-niobium (TiAlNb) alloys [26].
Owing to a layer of titanium dioxide (TiO2) that spontaneously forms
on the surface of the metal, titanium and its alloys are highly resistant
to corrosion [6]. However, once the implant is inserted, mechanical
forces can easily degrade this protective film and expose the underlying
metal to the aggressive body fluids. Corrosion and wear, or a synergistic
combination of the two, liberates complex degradation products in-
cluding titanium particles, metal-protein complexes, inorganic salts and
ions. These can pass into the adjacent tissue, synovial fluid and blood,
and be disseminated around the body.

The predominant degradation mode for titanium acetabular cups is
passive corrosion [27], while femoral stems can undergo a combination
of various corrosion and wear mechanisms, depending on the compo-
nent interface (stem-bone, stem-head, neck-stem). Modular stems,
which feature an interchangeable femoral neck component that con-
nects the stem and the head, are notorious for their high metal release
at the neck-stem interface [28]. The amount, and toxic profile, of the
metal debris released at this junction seems to depend on the material
combination. CoCr/Ti junctions were shown to release more metallic
debris compared to all-titanium connections [29], with the debris
having more potential to cause adverse tissue reactions [30–32]. This
might be due to the fact that CoCr/Ti junctions release mostly cobalt
and chromium ions, which are more pro-inflammatory and toxic than
titanium ions [33].

The amount of debris released at the different junctions, and its
physicochemical characteristics, are dependent on several factors, in-
cluding implant type, its positioning, the exact degradation mechanisms
at play, as well as the patient’s physical activity and state of health
[34–36]. Particles generated through different wear processes can dis-
play different elemental composition [37], crystal structure [38,39],
size [40–42] and shape [43], which might result in differing bioactivity.
Nanoparticles are thought to be generally more dangerous than coarser
particles [44,45], because they enter cells more easily and are more
reactive, owing to the larger surface area-to-volume ratio [46]. Studies
of tissues surrounding failed hip and knee implants revealed that ma-
jority of titanium-based wear debris is of submicron size [17,47,48].

3. Adverse effects of titanium debris

The poor water solubility of titanium is often considered as an in-
dicator of its biological inertness. However, studies and case reports of
patients with malfunctioning titanium implants reveal a range of ad-
verse effects associated with this metal, including inflammation [49],
pain [8], cytotoxicity [50,51], metal allergy [52,53], genotoxicity [54],
carcinogenicity [55] and implant failure [56]. The most widely re-
searched effects of titanium are those on the bone cells- osteoblasts
(bone-forming) and osteoclasts (bone-resorbing) [42,53,57,58]. Soluble
and particulate titanium disturbs the delicate balance between the two
cell types, resulting in bone loss and implant loosening, which often
necessitates a redo surgery (revision surgery) [35,41,56,59–61]. For-
mation of large inflammatory masses (pseudotumours) in the vicinity of
the implant, originally thought to be an immune response unique to
CoCr alloy, was recently linked to titanium release [62–64]. The pa-
thogenesis of pseudotumor formation is unknown, but it is thought to

involve both a chronic inflammatory response and a delayed hy-
persensitivity response to ultrafine titanium particles [62]. It follows
that individuals with a pre-existing titanium sensitivity might be at a
greater risk of this particular complication [64]. The toxic effects of
titanium are not restricted to the local hip environment. As wear par-
ticles are ingested by macrophages and enter the lymphatic system,
they can be distributed into all tissues and organs [17,65]. Titanium
ions (Ti4+) bind to transferrin in the human serum, which also allows
them to be transported to different parts of the body [66]. The trans-
ferrin-titanium complex can enter cells and influence their metabolism
[67], though the intracellular fate of Ti4+, and how it exerts its effects,
remain largely unknown [68]. Titanium alloys may also be a source of
TiO2 [69]. Exposure to TiO2 nanoparticles was linked to cardiac in-
flammation [22,70], brain damage [71], impairment of spatial re-
cognition memory [72] and learning abilities [73] in mice. Concerns
have also been raised over possible genotoxicity and carcinogenicity of
titanium debris [74]. Titanium is a redox-active metal that can enhance
generation of reactive oxygen species (ROS) and induce oxidative stress
[75], which is implicated in many degenerative diseases including
Alzheimer’s disease, Parkinson’s disease and cancer. Mouse studies
have shown that TiO2 nanoparticles have the potential to convert be-
nign tumor cells to malignant ones through the generation of ROS [76].
Based on the experimental evidence from animal inhalation studies,
TiO2 nanoparticles are classified as “possibly carcinogenic to humans”
by the International Agency for Research on Cancer [77], and as “oc-
cupational carcinogen” by the National Institute for Occupational
Safety and Health [78]. However, it is unclear if these results can be
extrapolated to human exposure. As a result, implanted titanium is
currently not classifiable as to its carcinogenicity to humans. Due to its
poor water solubility, the metal is not readily excreted in the urine.
Nevertheless, blood levels of titanium generally drop with time since
implantation [79,80], which could mean that it gradually accumulates
in systemic tissues [81]. Failed joint implants were shown to cause
profound metal deposition in distant organs. In one patient, particularly
extensive dissemination of wear debris lead to the formation of gran-
ulomas in the spleen, liver and abdominal lymph nodes, which com-
promised hepatic function and required medical treatment [17]. The
fate of the metal deposits in remote tissues is unknown. It is likely that
the particles are retained for many years, and act as a sustained source
of metal ions as they undergo gradual dissolution [17]. The clinical
implications of chronic low-level exposure to titanium ions are yet to be
established.

4. Measurement of titanium in biological samples

Measurements of serum cobalt and chromium can serve as a bio-
marker of wear in metal joint implants [82,83]. It is now thought that
titanium levels could also be used to monitor implant performance
[84]. However, it is important that the analytical approach is chosen
carefully. While cobalt and chromium levels can be successfully de-
termined by standard quadrupole inductively coupled plasma mass
spectrometry (Q ICP-MS), titanium levels cannot, due to a range of
polyatomic and isobaric interferences [82]. These interferences can
result in spectral overlap when samples with high Ca, P, S, C and Cl
contents (such as biological samples) are analysed [85], often leading to
overestimation of the true analyte concentration [86] (Table 1).

Polyatomic interferences can be reduced through the use of a col-
lision/reaction cell, which transforms the interfering species into ions
with a different nominal mass to charge ratio or prevents them from
reaching the detector [87]. Another common strategy to minimize
spectral interferences is to use a high resolution inductively coupled
plasma mass spectrometer (HR ICP-MS), which employs a magnetic and
electrostatic sector instead of a quadrupole mass filter, allowing a sig-
nificant increase in mass resolution. Importantly, HR ICP-MS can re-
move most polyatomic interferences, but not isobaric interferences. As
a result, only the minor isotopes 47Ti and 49Ti can be used for analysis
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[88]. Nevertheless, the usefulness of HR ICP-MS to detect trace amounts
of titanium in blood samples from implanted patients and healthy
controls has been demonstrated [79]. Accurate and precise determi-
nation of titanium levels in clinical samples can also be achieved with
triple quadrupole ICP-MS (ICP-MS/MS). When the instrument was used
with a mixture of NH3 and He as the reaction gas, the detection limit
was low enough (3 μg L−1) to deal with the very low basal levels of
titanium in human serum [85]. The accuracy and precision of HR ICP-
MS and ICP-MS/MS come at a price, however, as both machines incur
high running costs and require highly trained operators. As a result,
they are not widely available in routine clinical laboratories. In-
ductively coupled plasma optical emission spectroscopy (ICP-OES)
could be a more practical and cost-effective solution [89]. The method
displayed a low detection limit for the determination of titanium con-
centration in the serum (0.6 μg L−1) [89], plasma (1.6 μg L−1) [90] and
periprosthetic tissue (3.0 μg g−1) [91] of patients with MoM hips.
However, it was not sensitive enough for whole blood specimens, which
usually contain lower levels of titanium than the serum [89].

Regardless of the analytical method used, the risk of sample con-
tamination must always be kept in mind. Given the minute levels of
titanium that are being measured, extreme care must be taken to ensure
that the samples are collected using blood collection tubes and syringes
that are certified for trace metal testing. It is worth noting that, cur-
rently, no blood tubes are certified for titanium, but it is reasonable to
assume that they are cleaner than standard tubes. Moreover, given the
ubiquitous presence of titanium in the air, it is crucial that the samples
are contained post-collection. It is still unclear which is the most ap-
propriate sample type to monitor titanium level in the body. Serum
samples are preferred by most groups, because the matrix is less com-
plex compared to whole blood. However, analysis of whole blood
specimens can lower the limits of detection, increase sensitivity and
reliability, and pose less contamination risk than serum [92]. The lack
of protocol standardization across laboratories may lead to dis-
crepancies between titanium measurements, and make inter-study
comparisons difficult. Koller and co-workers [88] have recently shown
that when the same baseline pooled blood samples were analysed by 7
different laboratories, the results differed markedly (range: below de-
tection limit up to 25 μg L−1), depending on sample preparation, in-
strument type and analytical approaches used [88]. In light of these
results, it would be advisable to use a single laboratory for titanium
testing, as values generated from different laboratories may not be di-
rectly comparable. In addition, the authors came to the conclusion that
a lot of the existing literature on titanium is unreliable because Q ICP-
MS was used, and the values are likely overestimated. For this reason, it
is imperative that a high resolution instrument is employed.

4.1. Titanium concentration in unexposed individuals

Unlike for cobalt and chromium, a biological role for titanium in
human body is still uncertain, and no titanium requiring biomolecules
have been identified [93]. Nevertheless, 10–20 mg of titanium are
found in the human body, making it more common than some of the
essential elements [93]. Human exposure to titanium is largely

attributable to the ubiquitous presence of TiO2 in the environment, and
means that even those without implants will display a certain level of
titanium in the blood. TiO2 is an important industrial material used in a
range of applications, such as paints, solar panels and catalysts [94].
Due to its brightening and opaquifying properties it features promi-
nently in many personal care products and cosmetics, such as tooth-
paste, sunscreen and deodorant [95]. In food, TiO2 (referred to as ad-
ditive E171) serves as white colouring and flavour enhancer that is
often added to processed foods and sweets. Exposure to titanium, via
ingestion of pigment grade TiO2, is particularly commonplace in wes-
ternised populations. In the UK, the median daily adult intake is ap-
proximately 2.5 mg (approx. 1011–1012 particles) [96]. Cases of in-
travenous exposure are rare and have been mostly reported in drug
addicts with a history of injecting crushed-up analgesic tablets coated
with titanium pigment [97].

It was traditionally thought that TiO2 particles in the blood must be
transformed into their ionic form prior to analysis. This can be achieved
with a mixture of concentrated acids. The downside of this method is
that the acids themselves contain minute levels of metal ions, which can
increase as the acid strips ions from containers used in the sample
preparation process [88]. It follows that the benefits of diligent sample
preparation using acid digestion must be weighed against the risk of
sample contamination. Koller and co-workers [88] suggested that in
blood samples carrying ≤21.4 μg L−1 titanium as TiO2, the particles
are efficiently destroyed in the ICP’s plasma, meaning that simple di-
lution is generally fit for purpose, and preferable to digestion.

Early determinations of basal serum titanium, which used neutron
activation analysis (NAA), yielded extremely high values (105.7–131 μg
L−1) [98]. It is now known that NAA, as well as most other analytical
methods typically used for trace element determination, are not sensi-
tive and/or selective enough to quantify the ultra-trace levels of tita-
nium in body fluids of unexposed individuals [85]. Consequently, va-
lues obtained using these techniques are unlikely to reflect those
observed in vivo. More recent investigations using HR ICP-MS con-
sistently point to values lower than 1 μg L−1 in the whole blood or
serum [15,79,85,99–102]. It is thought that detecting blood levels of
titanium as low as 0.5 μg L−1 should be readily achievable, provided
sample contamination and spectral interferences are minimised [88].

4.2. Titanium concentration in hip and knee replacement patients

Although most have focused on the toxicity of cobalt and chromium,
other studies have also reported issues concerning titanium release
from implants [84,103,104]. Since titanium is relatively slowly trans-
ported in the body, a modest increase in systemic concentration likely
reflects a massive release of titanium into the local joint space, and can
potentially serve as a marker for wear or corrosion [105]. The official
Medicines and Healthcare products Regulatory Agency (MHRA)
guidelines state that whole blood cobalt/chromium concentration ex-
ceeding 7 μg L−1 (119 nmol L−1 for cobalt or for 134.5 nmol L−1

chromium) suggests potential for adverse soft tissue reactions, and
should be re-assessed after a 3-month period [106]. If the levels con-
tinue to increase, and/or the imaging studies return abnormal results,

Table 1
The most important spectral interferences affecting titanium measurement in ICP-MS.

Isotope Abundance Interferences

46Ti 7.99 Polyatomic: 32S14N+, 14N16O2
+, 15N2

16O+

Isobaric: 46Ca
47Ti 7.32 Polyatomic: 32S14N1H+, 30Si16O1H+, 32S15N+, 33N14N+, 33S14N+, 15N16O2

+, 14N16O2
1H+, 12C35Cl+, 31P16O+

48Ti 73.98 Polyatomic: 32S16O+, 34S14N+, 33S15N+, 14N16O18O+, 14N17N2
+, 12C4

+, 36Ar12C+

Isobaric: 48Ca
49Ti 5.46 Polyatomic: 32S17O+, 32S16O1H+, 35Cl14N+, 34S15N+, 33S16O+, 14N17O2

1H+, 14N35Cl+, 36Ar13C+, 36Ar12C1H+, 12C37Cl+, 31P18O+

50Ti 5.25 Polyatomic: 32S18O+, 32S17O1H+, 36Ar14N+, 35Cl15N+, 36S14N+, 33S17O+, 34S16O+, 1H14N35Cl+, 34S15O1H+

Isobaric: 50Ca, 50V
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Table 2
Blood/serum Ti levels associated with different types of well-functioning hip implants.

Implant type Analytical technique Instrumental DL (μg L−1) Blood Ti (μg L−1)a Serum Ti (μg L−1)a Follow up

MoP (Ti head, cup and stem) [14] GF AAS 2.11 n/a 5.06; < DL- 7.88 (n = 9) 47 m
MoP (Ti cup and stem) [14] GF AAS 2.11 n/a 4.42; < DL- 7.05

(n = 12)
32 m

MoM (uncemented Ti cup) [116] GF AAS 2.11 n/a 1.94; < DL- 4.44
(n = 20)

1 y

2.23; < DL- 6.55
(n = 20)

3 y

MoM (cemented Ti cup) [116] GF AAS 2.11 n/a 3.15; < DL- 7.63
(n = 15)

1 y

2.61; < DL- 7.15
(n = 15)

3 y

MoM (uncemented Ti cup and stem) [116] GF AAS 2.11 n/a 2.46; < DL- 5.18
(n = 20)

1 y

4.13; < DL- 11.17
(n = 20)

3 y

MoM (Ti cup and stem) [117] GF AAS 2.91 n/a 3.19 (n = 15) 18-36 m
MoP (Ti cup and stem) [117] GF AAS 2.91 n/a n/d (n = 13) 18-34 m
CoC (Ti cup and stem) [117] GF AAS 2.91 n/a 3.19 (n = 15) 20-30 m
MoP (Ti intermedullary shaft) [102] HR ICP-MS 0.1 1.45; 1.4 - 1.5 (n = 2) n/a 26-38 y
MoM (Ti intermedullary shaft) [102] HR ICP-MS 0.1 1.47; 1.4 - 1.5 (n = 3) n/a 26-38 y
MoP (Ti-coated stem, Ti cup) [110] GF AAS 2.22 n/a 2.57; DL-5.72 (n = 10) 5-7 y
CoP (Ti cup) [110] GF AAS 2.22 n/a 3.15; DL- 8.44 (n = 10) 9-12.5 y
MoM (Ti cup) [110] GF AAS 2.22 n/a 1.87; DL- 5.97 (n = 10) 5-7 y
CoC (Ti cup and stem) [111,112] GF AAS 2.91 n/a 3.44; DL- 9.68 (n = 23)

3.18; DL-6.69 (n = 32)
28-78 m
97–210 m

MoM (Ti cup and stem) [111,112] GF AAS 2.91 n/a 3.66; DL- 11.60 (n = 42) 30-66 m
3.43; DL- 7.28 (n = 16) 106–136 m

MoP (Ti cup and stem) [79] HR ICP-MS 1.1 2.306 (n = 11) n/a 14-22 m
1.519 (n = 11) n/a 70-106 m

MoM (Ti stem) [90]
Unilateral

ICP-OES 1.4

n/a n/d (n = 84) 1 y
n/a 0.70; DL-0.81 (n = 84) 3 y
n/a 0.70; n/d (n = 84) 5 y
n/a 0.70; DL–1.96 (n = 84) 7 y
n/a 0.70; DL–1.61 (n = 56) 9 y

Bilateral n/a 0.70; DL–0.85 (n = 25) 1 y
n/a 0.70; DL–1.62 (n = 25) 3 y
n/a 0.70; DL–0.80 (n = 25) 5 y
n/a 0.70; DL–2.16 (n = 25) 7 y
n/a 0.70; DL–1.73 (n = 15) 9 y

MoM (Ti stem and cup) [100] HR ICP-MS Not stated (< 0.1) n/a 0.71; 0.56-0.92 (n = 32) 6 m
n/a 0.80; 0.62-1.06 (n = 32) 1 y
n/a 0.85; 0.72-1.09 (n = 32) 2 y

MoP (Ti stem and cup) [100] HR ICP-MS Not stated (< 0.1) n/a 0.79; 0.61-0.87 (n = 34) 6 m
n/a 0.78; 0.59-1.13 (n = 34) 1 y
n/a 0.74; 0.63-0.98 (n = 34) 2 y

MoM (Ti stem and cup) [101] HR ICP-MS 0.05 3.0 (n = 9 males) n/a n/a
2.2 (n = 6 females) n/a n/a

MoM (Ti stem and cup) [114] HR ICP-MS Not stated (< 0.1) 3.74; 1.40-8.80
(n = 34)

n/a 3 m

2.75; 1.40-4.10
(n = 33)

n/a 6 m

1.83; 0.90-4.60
(n = 31)

n/a 1 y

1.30; 0.35-2.40
(n = 24)

n/a 2 y

CoP (Ti stem) [29] HR ICP-MS Not stated (< 0.1)
Unilateral n/a 2.7; 1.1-7 (n = 6) 7-13 m
Bilateral n/a 6.2; 2.3-8 (n = 5) 7-13 m
MoM (modular Ti stem) [27] HR ICP-MS Not stated (< 0.17) n/a 2.50; 1.50-3.20 (n = 24) 1 y

n/a 1.50; 1.13-3.94 (n = 24) 2 y
MoP (modular Ti stem) [27] HR ICP-MS Not stated (< 0.17) n/a 2.54; 2.17-3.10 (n = 23) 1 y

n/a 2.70; 2.11-3.25 (n = 23) 2 y
MoP (Ti cup and stem) [115] HR ICP-MS Not stated (< 0.4) 2.29 (n = 10) n/a 1 y

1.75 (n = 10) n/a 2 y
2.25 (n = 10) n/a 5 y

CoP (Ti cup and stem) [115] HR ICP-MS Not stated (< 0.4) 2.165 (n = 15) n/a 1 y
1.359 (n = 15) n/a 2 y
2.160 (n = 15) n/a 5 y

CoM (Ti cup and stem) [92] HR ICP-MS Not stated (< 2.0) n/a 2.28 (n = 74) 25-58 m

(continued on next page)
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revision surgery should be considered. Currently, there are no uni-
versally accepted thresholds for titanium that should warrant further
investigation.

The 1988 study by Agins and co-workers [10] was one of the first to
recognize that titanium release from joint implants might lead to ad-
verse local and systemic tissue responses. The authors noted that tita-
nium prostheses liberated potentially irritating metallic debris into the
surrounding tissue, which was enhanced if loosening was present. In
line with these results, a three-fold increase in serum titanium was
observed in patients with well-functioning prostheses containing tita-
nium components, when compared to controls without implants [107].
Loose implants gave rise to even higher titanium levels in the blood
[108] and serum [2]. In order to guide investigations for mal-
functioning implants, Jacobs and co-workers [84] attempted to set a
“normal” cut-off for serum titanium. The authors analysed their data-
base of over 750 serum titanium measurements in patients with and
without orthopaedic implants, and concluded that well-functioning,

unilateral MoP hip implants should give rise to levels of approximately
4 μg L−1 (as measured by graphite furnace atomic absorption spectro-
scopy). In cases where the value exceeded 8 μg L−1, implants were ei-
ther subject to loosening [14] or accelerated wear due to abrasion
[109]. Several other groups have reported serum titanium values of
below 8 μg L−1 in patients with well-functioning unilateral THA
[27,80,100,110–112]. Savarino et al, who measured serum titanium in
patients with well-fixed implants, calculated that the upper normal
reference limit (95th percentile) was 5.13 μg L−1 in the medium term
(2–7 years post-operation) [111], and 4.5 μg L−1 in the long term
(10 years post-operation) [112]. Importantly, these were not sig-
nificantly different from the control group- likely because of the high
detection limit of the instrument (2.91 μg L−1). In line with Savarino’s
findings, Omlor et al [29] showed that median serum titanium values
produced by well-functioning implants in the long term (7–13 years)
were 3 μg L−1 and 6 μg L−1 for unilateral and bilateral implants, re-
spectively. Serum titanium values associated with well-functioning hip
implants rarely exceeded 1 μg L−1 at up to 2 years post-operation, when
measured by HR ICP-MS [100]. Slightly higher, but comparable, results
were obtained by Gofton et al [27]. Lazennec and co-workers [90], who
monitored serum titanium levels in patients, up to 11 years post im-
plantation, reported that well-functioning unilateral implants gave rise
to values that rarely exceeded 2 μg L−1, and that the median values
were always below the instrument’s detection limit (1.40 μg L−1). The
highest mean serum levels (up to 14 μg L−1) were reported by Bistolfi
et al [113], who investigated metal release from well-functioning
conventional vs 3D-printed titanium acetabular cups. The authors
found that the increased porosity of the latter did not result in

Table 2 (continued)

Implant type Analytical technique Instrumental DL (μg L−1) Blood Ti (μg L−1)a Serum Ti (μg L−1)a Follow up

Unknown (3D-printed Ti cup, Ti stem) [113] Q ICP-MS equipped with collision
cell

0.3 n/a 13.60 (n = 19) 3 m

n/a 12.78 (n = 19) 6 m
n/a 11.70 (n = 19) 1 y
n/a 9.43 (n = 19) 2 y

Unkown (conventional Ti cup, Ti stem) [113] Q ICP-MS equipped with collision
cell

0.3 n/a 10.29 (n = 19) 3 m

n/a 9.05 (n = 19) 6 m
n/a 11.34 (n = 19) 1 y
n/a 8.90 (n = 19) 2 y

MoP – metal-on-polyethylene; MoM – metal-on-metal; CoC – ceramic-on-ceramic; CoP – ceramic-on-polyethylene; GF AAS – graphite furnace atomic absorption
spectroscopy; HR ICP-MS – high resolution inductively coupled plasma mass spectrometry; ICP-OES – inductively coupled plasma optical emission spectrometry; Q
ICP-MS – quadrupole inductively coupled plasma mass spectrometry; n/d – non-detectable, n/a – not available; DL – detection limit.

a Results are expressed as “mean/median, range (sample size)”.

Fig. 1. Retrieved components showing a) severe deficits in titanium femoral
stem, b) scratch marks on ceramic femoral head.

Table 3
Blood/serum Ti levels associated with different modes of failure of hip implants.

Failure mechanism Analytical technique Blood Ti (μg L−1)a Serum Ti (μg L−1)a

Loosening of a titanium component GF AAS 38–602 (n = 22) [108] n/a
GF AAS n/a < DL- 17.2 (n = 21) [14]
HR ICP-MS 1.5–1.8 (n = 2) [102] n/a
ICP-OES n/a 9.1–61 (n = 2) [90]
Not specified n/a 15 (n = 1) [104]
HR ICP-MS n/a 11.3b (n = 1) [29]

Breakage of modular neck related to manufacturing error HR ICP-MS n/a 4.5b (n = 1) [29]
Wear, osteolysis and/or loosening HR ICP-MS DL-140 (n = 23) [48] n/a
Polyethylene wear-through leading to secondary wear of titanium acetabular shell Not specified n/a 280b (n = 1) [118]
Corrosion at the neck-stem junction Not specified n/a 1.6–5.8 (n = 11) [30]
Pseudotumour formation in local tissue ICP-OES n/a 30 (n = 1) [62]
Fracture of ceramic liner leading to abrasive wear of titanium cup HR ICP-MS 21.5c (n = 1) n/a

GF AAS – graphite furnace atomic absorption spectroscopy; HR ICP–MS – high resolution inductively coupled plasma mass spectrometry; ICP–OES – inductively
coupled plasma optical emission spectrometry; n/a – not available; DL – detection limit.

a Results are expressed as “range (sample size)”.
b sample drawn post-revision of failed implant.
c unpublished result.
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significantly higher levels of titanium in the serum, at up to 2 years
following implantation. When titanium was measured in whole blood,
the values ranged from 1 to 9 μg L−1 [79,101,102,114,115]. Blood/
serum titanium levels associated with well-functioning hip implants are
summarized in Table 2.

Hip replacement patients with loosened titanium components gen-
erally exhibited raised serum titanium at the time of implant failure,
with the available data ranging from 1.5 to 602 μg L−1. The studies
investigating this phenomenon were generally small, involved different
implant designs and used a range of analytical techniques to determine
the titanium content of blood [48,102,108] or serum [14,29,90,104] of
the affected patients, which likely contributed to the observed varia-
bility. Cases of broken ceramic liners in CoC prostheses have also been
shown to lead to increased systemic titanium levels. One such case seen
at our institution was associated with a blood titanium level of 21.5 μg
L−1 immediately before revision. The marked elevation was attributed
to mechanical abrasion between the femoral head/pieces of the broken
ceramic liner and the titanium acetabular shell, as well as impingement
between the titanium femoral neck and the edge of the acetabular cup
(Fig. 1). Interestingly, in the study done by Cooper and co-workers [30],
implants revised due to adverse local tissue reaction secondary to cor-
rosion were associated with only mildly raised serum titanium levels
(range 1.6–5.8 μg L−1). Cobalt ions, which are more toxic than titanium
ions [33], were highly elevated in the serum, and it is likely that they
contributed to the adverse reaction.

In knee replacement patients, failed titanium patellas were shown to
lead to particularly large increases in serum titanium. Catastrophic
wear of the polyethylene insert, resulting in metal-metal contact be-
tween the tibial and femoral components, generated values ranging
from 20 to 716.94 μg L−1 [105,109,119–121]. Cases with polyethylene
wear, but without wear-through, were an order of magnitude lower
[103,120].

5. Discussion and conclusions

Several authors have called for the determination of blood/serum
titanium in patients with titanium-based orthopaedic prostheses, on
account of its potential as diagnostic marker of implant performance
[104,119,122,123]. This is based on the observation that loose im-
plants, as well as those exhibiting wear and polyethylene wear-through,
generally liberate higher concentrations of the metal compared to well-
functioning implants. Studies have shown that serum titanium levels
associated with well-functioning implants can range from less than 1 μg
L−1 to approx. 14 μg L−1 (Table 2), while poorly functioning prostheses
can give rise to values as high as 700 μg L−1 [104,109] (Tables 3 and
4). Variations in the reported results are likely caused by a combination
of factors, including inter-study differences in implant design and

stability, number of titanium components implanted [80,89], severity
of wear, follow-up time, sample type (whole blood vs serum), analytical
approach, as well as patient’s environmental exposure to titanium [95],
their physical activity and state of health.

It is tempting to speculate that if the levels are regularly monitored,
one might be able to identify malfunctioning implants before they fail,
allowing for a timely revision operation. It might even be possible to
use different ranges of serum titanium to distinguish between different
modes of implant failure [120], which could further assist the diag-
nosis. However, in order to do this, an official threshold value that
would guide investigations for failing implants is needed. Un-
fortunately, the scarcity of studies that probe titanium levels in patients
with orthopaedic implants means that clear cut-off values are difficult
to establish. The current Mayo Clinic Laboratory guidelines state that a
“modest increase (1.0–3.0 μg L−1) in serum titanium concentration is
evident with a prosthetic device in good condition, while serum con-
centrations > 10 μg L−1 in a patient with titanium-based implant
suggest prosthesis wear”. These values are based on the 1998 works by
Jacobs [116] and Liu [122]. The former study, employing 55 patients
with 3 different types of titanium-based hip implants, used graphite
furnace atomic absorption spectroscopy (GF AAS) to quantify serum
titanium levels associated with well-functioning implants. The latter
study, employing only 9 patients with titanium-based knee implants,
used GF AAS to measure the whole blood titanium concentrations
corresponding to stable (5 patients) and loosened (4 patients) pros-
theses. In addition to small sample size, both studies used analytical
instruments with detection limits that are currently considered not low
enough for accurate determination of titanium in biological samples
(2.11 and 5 μg L−1, respectively). Updated guidelines, derived from HR
ICP-MS or ICP-MS/MS analyses, are warranted.

Future studies investigating titanium levels associated with well-
functioning implants should divide the participants according to the
number of titanium components implanted. In each cohort, the patients
should be matched for age, activity level and follow up time, and they
should ideally be operated on by the same surgical team. Titanium is
poorly soluble and tends to accumulate in organ tissue, such as the liver
and spleen. However, a small fraction of the liberated titanium is still
excreted in the urine. For this reason, it might be important that the
participants display normal renal function (impaired excretion pro-
cesses might result in increased retention of titanium in the body,
leading to skewed results). The blood/serum specimens ought to be
collected using apparatus certified for trace metal testing, with a
technique that minimizes contamination. It is imperative that the spe-
cimens are then sent to the same laboratory and analysed according to a
standardised protocol, preferably on an HR ICP-MS or ICP-MS/MS in-
strument, as these offer the most sensitive and accurate means of
measuring titanium in biological samples. In the case of poorly

Table 4
Blood/serum Ti levels associated with different modes of failure of knee implants.

Failure mechanism Analytical technique Blood Ti (μg L−1)a Serum Ti (μg L−1)a

Loosening of a titanium component GF AAS 319.6 (n = 4) [122] n/a
Polyethylene wear-through resulting in abrasion between tibial and

femoral components
GF AAS 68; 9–243 (n = 7)

[105]
108; 20–172 (n = 7) [105]

GF AAS n/a 77 (n = 1) [119]
GF AAS n/a 135.57; 24.12–716.94 (n = 8)

[109]
GF AAS n/a 536.8 (n = 1) [121]
Q ICP-MS (interference reduction strategy
not specified)

n/a 280; 70–425 (n = 6) [120]

Polyethylene wear not resulting in contact between tibial and
femoral components

Q ICP-MS (interference reduction strategy
not specified)

n/a 12; 5–23 (n = 5) [120]

Not specified n/a 65b (n = 1) [103]

GF AAS – graphite furnace atomic absorption spectroscopy; Q ICP-MS – quadrupole inductively coupled plasma mass spectrometry; n/a – not available.
a Results are expressed as “mean/median; range (sample size)”.
b sample drawn on day 1 post-revision of failed implant.
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functioning implants, the study should divide the participants ac-
cording to the specific mode of failure so that titanium levels corre-
sponding each mechanism could be estimated.

Due to the scarcity of large studies, and differences in analytical
approaches employed by different laboratories, meaningful inter-study
comparisons and reliable conclusions regarding “normal” and “ab-
normal” titanium levels in patients with orthopaedic implants are dif-
ficult to draw. The matter is further complicated by the multifactorial
nature of implant degradation, which implicates a number of implant,
surgeon and patient influences- some of which impossible to control for.
Until more data becomes available, diagnosis of symptomatic patients
should be based on radiographic evidence combined with blood/serum
metal ion levels. In patients with prostheses containing cobalt-chro-
mium components, as well as titanium ones, measurement of all three
metals should be requested. Even though cobalt is considered more
toxic than titanium, adverse tissue reactions can develop in the absence
of CoCr alloy components [64], which underscores the importance of
titanium measurements to monitor the risk of local toxicity. This is
particularly important in patients with a known sensitivity to titanium.
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