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Abstract

Biologic reactivity to implant debris is the primary determinant of long-term clinical performance. The metallic implants
placed in human bodies can exhibit electrochemical or mechanical corrosion that yields in the liberation of metallic
products. Such implants-derived metal wear products can be present in the form of metal ions and particulate metal
debris with still unknown effects on human health. In situ generation of metallic wear particles, corrosion products and
in vivo trace metal ions release from metal and metallic alloys implanted into the body in spine surgery is becoming a
major cause for concern regarding the health and safety of patients. In vivo clinical studies addressing the adverse local
tissue reaction effects of metallic wear products on surrounding soft tissues and bodily fluids are less numerous.
Although numerous studies have focused on the clinical significance of corrosion and wear of hip and knee
replacements, research involving spine instrumentation is not well documented. This review explores how migration
of metallic wear nanoparticles and trace metal ions in the area of metallic spinal implants influences the surrounding
tissues and bodily fluids, and what the clinical consequences of this process may be.

Keywords: Spine arthroplasty implants; Adverse local tissue reactions; Metallic particles; In vivo metal ion release;
Biological fluids and tissues; Analytical methodology

1. Introduction

"An orthopedic implant is a device surgically placed into the body designed to restore function by replacing or
reinforcing a damaged structure” [1]. In orthopedic spine surgery, implants are used to treat deformity, mechanical back
pain, stenosis, spondylolisthesis, fractures, and tumors. The varied requirements of these implants are diverse, to treat
multiple pathologies, in individuals across the lifespan.

The number of orthopedic spine surgeries is on the rise. An epidemiological study conducted by Rajaee observed a
137% increase in spinal fusion discharge in the USA between the years of 1998 to 2008, a much higher rate than any
other orthopedic procedure [2]. However, research in retrieval analysis of spine instrumentation is surprisingly
underdeveloped compared to the research of hip or knee retrievals [3]. More patients are undergoing primary spine
surgery which could later lead to revision surgeries. Revision surgeries are necessary for patients that experience
degenerative disc disease, pseudoarthrosis, mechanical hardware failure, pain, and adjacent segment disease. These
complications are often summarized as implant failure. One possible cause of implant failure could be "metallosis"
(aseptic black staining) [4]. The majority of studies in this field have focused on total hip and knee replacements [5]
with very little information published regarding spinal implants and surgery. Hypotheses generated from the
arthroplasty studies including remain inconclusive when applied in spine as the devices and the tissues are not similar.
At this point a literature search has uncovered only a very few reported spinal metallosis cases [6-11]. Goldenberg et al.
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[6] found only three relevant articles regarding spinal metallosis (excluding all arthroplasty related studies). The
patients included in such case reports displayed neurological symptoms after their initial surgery, leading to a revision
procedure to relieve symptoms. Takahashi et al. [7] reported on two cases of intraspinal metallosis in symptomatic
patients with spinal instrumentation. They found stained, granulated tissue masses, described as metallosis that had
formed in the spinal canal adjacent to the instrumentation leading to neurologic symptoms. A case study by Tezer et al.
[8] identified an intraspinal metallosis due to crevice corrosion on stainless steel spinal instrumentation leading to
neurological symptoms. After removal of the instrumentation, the patient had complete symptom resolution at the three
month checkup appointment. Ayers et al. [9] discussed metallosis in patients who received spinal implants and
described their experience with three patients who underwent revision surgery. Signs of fretting, corrosion, galling and
corrosion fatigue were found on the retrieved implants. Richman et al. [10] reported on one case of metallosis, four
years after a pediatric posterior spinal fusion. Serum chromium levels declined from a high of 4.5 pg L-1 operatively to
0.8 pg L-1 at final follow-up but still elevated above the normal reference range (0.2-0.6 ug L-1). In another report, Teoh
etal. [11] presented a case series of five patients who had revision surgery following magnetic controlled growing rods
(MGCR) for early onset scoliosis. Metallosis was found during revision in four out of five patients; a significant amount
of metal debris was found when the actuators were cut open. These six case studies identify an existing issue and
provide evidence for metallosis in spine, but do little to determine mechanisms.

Metallosis can occur in any spinal implant and is found during the revision surgery incidentally. This occurs because of
the inconsistency of patient symptoms and the difficulty identifying this phenomenon through imaging techniques. The
lack of clinical relevance could explain why this phenomenon is often used to describe the appearance of the tissue
instead of a cause for implant failure leading to revision surgery.

This review focuses on the current knowledge of the adverse local tissue reactions to metal particle debris and metal
ions released from spine arthroplasty implants in vivo. Specifically, this article explores how migration of metallic wear
particles and trace metal ions in the area of a metallic spinal implants influences the surrounding tissues and bodily
fluids, and to evaluate the impact of metal ions and particles on clinical outcomes. The systemic effects of elevated metal
ions were not evaluated in any of the included studies, and as such were not commented on this review.

2. Metallic spinal implants

The use of metals as spine implant materials has become common practice in the field of orthopedics [12]. A wide variety
of conditions are treated with metallic spinal implants, and designers have used an assortment of materials to meet the
unique mechanical demands of each application, which support the functions of the human body, in particular the
skeletal system. The majority of different metallic spinal implants used today, whether rods, hooks, cages, crosslink
connectors, anterior plates, pins, inter-body spacers, pedicle screws, are made of stainless steel, cobalt-chrome alloy,
titanium, Nitinol (a nickel and titanium alloy), or tantalum.

Surgical medical grade stainless steel 316L, with varying degrees of carbon, chromium, molybdenum, and nickel, is
known for its high strength and good ductility, but can be difficult to integrate with bone or soft tissue having poor wear
resistance compared to other metallic implants. The addition of molybdenum and lower carbon content of the alloy
provides superior corrosion resistance. As a result, the only biocompatible stainless steel is commonly used in fracture
fixation devices and/or temporary implants intended to be removed at a later time.

Metallic spinal implant biomaterials: cobalt-chromium alloys (i.e. Co-Cr, Co-Cr-Mo, Co-Cr-W-Ni), titanium Ti-6Al-4V
(titanium-aluminum-vanadium) and titanium-based alloys: Ti-Mo (titanium-molybdenum) and Ti-Cr (titanium-
chromium), and Nitinol alloy are the most commonly utilized metallic biomaterials used in various spinal implants [13].
Co-based alloys are used more widely in longer-term permanent implants. It is known to have high biocompatibility
and good mechanical properties with high wear resistance. Co-Cr-Mo alloys are categorized as bio-tolerant while
titanium and its alloys are categorized as bio-inert. Therefore, titanium and its alloys (alloy with aluminum and
vanadium) are considered the most biocompatible and popular of all metallic biomaterials due to many fascinating
properties, such as superior mechanical properties, strong corrosion resistance, and excellent biocompatibility.
Titanium alloys are further categorized according to their phase constitution as a-, (a + 13)-, and 23-type titanium alloys.
3-Ti alloys promise to face challenges because they have non-toxic elements and superior corrosion resistance.
However, the application of Ti alloys for implant materials is impeded by their poor mechanical strength. Nitinol began
to be used in biomedical applications because it demonstrated optimal mechanical characteristics and biocompatibility
while also exhibiting a remarkable ability dubbed as the "shape memory effect”. It has excellent fatigue resistance, super
elasticity, good corrosion resistance, and high damping effect. Tantalum is a metal with notable properties such as high
ductility, biologic inertness, resistance to corrosion, a high level of biocompatibility, and ability to incorporate into a
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bone lattice. The downside to tantalum is that it is a rare metal with a high cost, and thus the rod end product is
expensive.

Each of these metals and alloys has its own particular strength, rigidity, ductility properties and deficiencies. Their high
resistance to corrosion has made them particularly suitable for use in the manufacture of spinal implants. However,
prolonged contact of the body tissues with an implant causes a number of unwanted effects, which result in structural
changes in the implant itself, reducing the lifetime and local and systemic toxicity.

3. In vivo corrosion of metallic spinal implants

All prosthetic implants are subject to some degree of wear and corrosion in the body. Wear is a mechanical process
resulting from changes in load distribution and micro-motion, while corrosion is an electrochemical process of metal
degradation. Certain types of corrosion, such as fretting, occur when chemical and mechanical factors, including crevice
and abrasive wear, act on the implant. Both wear and corrosion result in debris (particles and ions) release from the
implants into the surrounding tissues and subsequently into the human circulation, and can manifest with local and
systemic reactions which, over time, may demand revision of components.

Corrosion affects spinal instrumentation and may cause local problems such as failure of the implant and/or worse
clinical outcomes. Although numerous studies have focused on the clinical significance of corrosion and wear of hip and
knee replacements [5], research involving spine instrumentation is not well documented, and studies of metal ion levels
in patients with spinal implants are less numerous.

Several case reports have been published on revision of spine components where the reason for revisions was strongly
linked with corrosion and wear of the implants [14-23]. Medical complications included unexplained pain, neurological
effects, implant loosening, implant failure, swelling and metal staining of the skin.

A pediatric patient with scoliosis was revised twice for persistent pain six and 12 months post-operatively [14]. The
first revision was after radiological diagnosis of implant failure, while the second revision was performed to remove
soft tissue mass. Histological analysis of tissue taken during revision revealed metal debris and presence of
macrophages. In this case, pin was associated with unstable fusion and implant loosening. Gaine and co-workers [15]
reported six cases of later operative pain associated with debris release from stainless steel implants. A retrieval study
by Kirkpatrick et al. [16] identified three common modes of corrosion and wear that appear to happen simultaneously
in vivo; fretting wear, crevice and galvanic corrosion. In a retrieval study conducted by Villarraga et al. [17] and
Panagiotopoulou et al. [18] wear and corrosion were the most common types of damage seen on retrieved spinal
hardware and they concluded that revision spine constructs contribute to this type of damage because of the additional
segments and mobile pieces added.

Corrosion is not a recently described problem. In fact, Aulisa et al. [19] published, in 1982, a case of corrosion in
Harrington instrumentation. Modern spinal instrumentations also suffer corrosion. Akazawa et al. [20] report
macroscopic evidence of corrosion in 66.2% of rod junctions after long-term implantation. Spinal rods made of stainless
steel from 11 patients were revised and retrieval analysis was performed. Corrosion and fretting were present at the
rod-screw junctions in all constructs, but were more evident on implants with longer time of implantation. The authors
suggested that that corrosion can be more rapid in cases where spinal fusion is not achieved compared with fusion
cases. Vieweg et al. [21] found corrosion on pedicle screws and telescopic rods after a mean length of implantation of
10 months.

There have been only a few retrospective reports of abnormally elevated levels of nickel and chromium in serum of
patients with stainless steel posterior spinal instrumentation [22,23]. Kim et al. [22] studied serum levels of nickel and
chromium after posterior spinal arthrodesis with implants made of stainless steel, over long time frames (mean follow-
up of 4 years), without any evidence of corrosion. They observed that these levels rose after surgery and remained
above normal levels 4 years after the surgical procedure. While chromium levels diminished rapidly with time, after
about 2 years, to the normal range, nickel concentrations above the normal levels were still found in some patients after
(~1.5-2 pg L-1). Nickel and chromium levels in both serum and urine have also been assessed in patients implanted
with stainless steel spinal implants with and without evidence of macroscopic corrosion 13-15 years after implantation
[23]. Even in the absence of macroscopic corrosion, elevated levels of both elements were observed after more than a
decade following surgery. When macroscopic corrosion was evident noting the correlation between significantly higher
metal ion levels and radiological signs of device corrosion, nickel was found well outside the limits of the normal range;
the reported chromium levels were similarly quite high.
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These case reports conclude that corrosion and wear are independent of materials used in spine instrumentation.
Reactions to metal debris can vary from late operative pain to neurological complications, while spine metalloma seems
to be the common denominator.

4. In situ degradation of metallic spinal implants

Mechanisms involved in the degradation of implants are complex, as is evident from the range of clinical responses with
some patients having no complications and others requiring revision of the implant. If the implant is placed in the harsh
for metals, biological physiologic environment of the human body and interaction in place of contact of implant - soft
tissue - bodily fluids often occurs. The degradation products of any metallic spinal implants (i.e. plates, screws, pins, or
nails), and temporary implant applications such as bone plates, screws and prosthetic components in orthopedic spinal
implants are primarily generated by metal wear processes and corrosion (either electrochemically or mechanically), or
by a combination of the two, of the metal alloy [24]. Spinal implants prostheses generate metallic wear particles and
corrosion debris, nanometer- to sub-micrometer metal particles, metal ions and metallo-protein complexes [25]. The
toxicological effects of nanoscale metallic or metal oxide particles have been studied, both in vivo and in vitro, and in
most cases, these toxicological effects have demonstrated a strong dependence on the particle size and on other surface
properties.

This section is focused on releasing of metal nanoparticles and elevated trace metal ions, from the implant surfaces, to
the human body (bodily fluids and tissues) since metals have been focused to bear intense wear/corrosion and cause
adverse local tissue reactions (ALTRs).

4.1. Metallic wear particles

Metal implants induce the transfer of some metallic wear particles from any orthopedic and spinal implant to
surrounding soft tissues [26]. The use of metal instrumentation, particularly titanium, for spinal fusion has introduced
the possibility of generating microscopic metal particles, detected by microradiography that may be deposited in the
paraspinal soft tissues surrounding the spine [21].

In the presence of a pseudarthrosis, corrosion and deposition of metallic particulate matter in the surrounding tissue
have been seen [27]. Elevated tissue Ti concentration of up to 50 times the normal levels was observed in tissues
surrounding spinal implants. Metal particles (wear debris) were generated by the use of titanium spinal
instrumentation (pedicle screws) in patients with a pseudarthrosis. This particle remains in the soft tissues: tissue
concentrations of titanium were highest in patients with a pseudarthrosis (30.36 pg g-1 of dry tissue); patients with a
solid fusion had low concentrations of titanium (0.586 pg g-1 of dry tissue). Standard light microscopy, transmission
electron microscopy and X-ray dispersive microanalyses of particles were performed to confirm the presence of
elemental Ti in soft tissues.

A study of Ti level in tissues surrounding a spinal implant by Lukina et al. [28] found a 1,800 fold increase in Ti tissue
concentrations in pediatric patients with implanted growth guidance sliding commercially pure titanium (cpTi)
constructs (titanium alloy Ti-6Al-4V), when compared to patients with no metal implants. This value is much higher
than any previously reported findings.

Ayers et al. [9] discussed metallosis in patients who received spinal implants and described their experience with three
patients who underwent revision surgery. Signs of fretting, corrosion, galling and corrosion fatigue were found on the
retrieved implants. Concentration of Al, Co, Cr, Mo, and V in removed muscle tissue were significantly elevated compared
to published reference values for muscle.

To establish the types of particulate metallic debris around human stainless steel spinal implants the tissue around 14
spinal implants were analyzed by light microscopy, transmission electron microscopy and scanning electron
microscopy along with electron dispersion radiograph analysis [29]. Two types of metallic debris were identified. The
rusty appearing particles contained mostly iron, whereas the black appearing particles were rich in chromium.

Krischak et al. [30] found that stainless steel is more likely to corrode with a markedly higher amount of potentially
toxic metallic particles release in the soft tissues compared with cpTi implants. Grades of corrosion were significantly

increased in stainless steel implants compared with implants made of cpTi.

Golasik et al. [31] reported the determination of low titanium concentrations in 9 soft tissue samples from 3 pediatric
patients obtained on the day of the surgery for the placement of a growing spinal implant.
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The quantitation of metallic wear particles in situ isolated from human soft tissue adjacent to the implanted metallic
spinal devices is presented in Table 1.

4.2. Concentrations of trace metal ions in human bodily fluids

Metal spine implants generate metallic wear nanoparticles, corrosion products and trace metal ions. Moreover, wear
particles may undergo a corrosion process contributing to enhance the metal ion level. Metal released from implants
may remain local to the joint or enter the local blood circulation and accumulate in several tissues, including the soft
tissue surrounding metallic spinal implants. It is generally accepted that elevated metal ion levels generated by metallic
prostheses are toxic to the human body, with potential local consequences. Most in vivo studies that have been
published in the literature are related to the effects induced by chromium, nickel, and titanium in human biological
specimens. Other known potential toxic metal ions released by metallic spinal implants are vanadium, aluminum,
molybdenum, cobalt, iron, and niobium [5,32].

In this section below, the information on the trace metal ion release in vivo from spinal implants into human bodily
fluids (blood, serum, plasma, and urine) of patients is presented.

4.2.1. Titanium

In vivo monitoring of titanium release was usually based on the determination of the metal level in blood or serum
[33,34]. A number of investigations have reported blood/serum titanium levels associated with different types of well-
functioning and malfunctioning prostheses (hip, knee) and spinal implants. Although most have focused on the toxicity
of cobalt and chromium, other studies have also reported issues concerning titanium release from implants [35].

Titanium and its most popular alloys (Ti-Al-V, Ti-Al-Nb) are commonly used metals in orthopedics and most of the
modern spinal implants contain titanium and remain in the patient's body permanently, while majority of ions released
by Ti implants are Ti(IV) [36].

Lukina et al. [28] in a retrieval of implantation of titanium growth guiding sliding instrumentation (cpTi) for scoliosis
in children, found almost 4-fold increase in Ti whole blood concentrations in pediatric patients when compared to the
separate control group of patients with no metal implants and was accompanied by clinical manifestations such as
seroma and sinuses.

Elevated levels of Ti ion were detected in blood/serum after instrumental spinal arthrodesis implants with titanium
alloy implants [37-39]. Richardson et al. [37] reported a significantly higher blood titanium concentration in patients
with titanium spinal implants when compared with controls. Ipach et al. [38] also demonstrated increases of Ti content
in whole blood, in older patients, after 3 months, and this trend seemed to remain after 12 months. However, the
differences in the Ti content in the whole blood of patients after the study period were not statistically significant when
compared to the pre-operative level or the concentration in the control group. A retrospective study of serum Ti ion
concentrations in patients with titanium alloy spinal implants was performed [39]. Approximately one third of patients
with titanium alloy spinal implants exhibited abnormal serum Ti concentrations. However, serum metal concentrations
did not seem to be a useful indicator of hardware loosening or implant failure.

In a series of papers, Cundy et al. [40-42] reported that serum concentrations of Ti ion were increased in patients who
had spinal implants. The biggest elevation in the serum titanium level in pediatric patients who had undergone a spinal
arthrodesis was observed within the first postoperative week, while a later increase was slower, and after six months
the Ti concentration started to decrease [40,41]. This rapid rise in the serum Ti level was further investigated by the
authors [42] and seems to be associated with a release of metal during the implantation, but an elevated Ti level in
intraoperative fluids was reported in only two patients.

In a recent prospective study of metal ion release during growth-friendly instrumentation for early-onset scoliosis
published by Yilgor et al. [43], they have also reported an increase in serum titanium levels, attributed to implanted
spinal instrumentation, higher than controls in all groups of cases. In another, similar report, Danielewicz et al. [44]
assessed the influence of the rod fracture on the titanium ion release in traditional growing rods instrumentation for
early onset scoliosis. Implanted implants lead to the release of Ti ions into tissues and blood. Mechanical damage to the
implant, destabilizing the structure, has no significant effect on the increase of titanium content in the blood and tissues.

Recently, Bances et al. [45] reported a significantly elevated serum titanium level in patients who had Ti spinal implants
(posterolateral arthrodesis) for a mean of 1 year.
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In the case of fracture fixation devices, such as intramedullary nails, an elevation of the serum Ti level was observed in
patients with implants made of Ti-6Al-4V alloy [46,47]. However, if Ti-6Al-7Nb alloy was used for the fracture fixation,
there was no change in the serum Ti level after 1 year from the time of implantation [48].

In addition to hip and knee replacements, other metallic devices in parts of the skeleton are of interest and Gornet et al.
[49] measured Ti concentrations in serum from patients with titanium alloy/titanium carbide composite (Ti-6Al-
4V /TiC) cervical disc implants. Insertion of these discs provides a treatment for degenerative cervical disc disease but
wear can produce insoluble particulates and soluble metal ions. To assess the release of metal, these authors measured
serum Ti concentration at intervals up to 84 months following operation. Concentrations at all time points were
significantly higher than preoperatively and stabilized at around 1.2 to 1.4 pg L-1 after about 12 months. These
concentrations are much lower than in patients with other metal alloy spinal implants.

Very recently, Brembilla et al. [50] reported a slightly elevated serum titanium level in 2 patients who had Ti alloy
implants (instrumented spinal arthrodesis) for a six months and ten years, respectively. Their cases presented implant
failure and corrosion associated with local metal release evidenced at histopathology; however only slightly elevated
metal (Al, Co, Cr, Mo, and Ti) serum levels have been evidenced. This suggest that spinal implant bad-functioning with
confirmed local metal release and initial inflammatory local tissue reactions could be underestimated through serum
metal measurement.

The total concentrations of titanium in the bodily fluids of patients following ion release from metallic spinal implants
are presented in Table 2.

4.2.2. Chromium and nickel

The long-term clinical implications of elevated metal concentrations are still not well understood and require long-term
patient surveillance for metal concentrations and any related adverse events. Elevated concentrations of metals, notably
Cr, Ni, and Co levels from stainless steel-based spinal implants, have been reported in the human biological specimens
(blood, serum, plasma, or urine) of patients after instrumented spinal fusion [22,23,51-65].

Kim et al. [22] found high serum levels of Cr and Ni after posterior spinal arthrodesis using stainless steel implants. High
levels of Ni have been noted postoperatively up to 3.8 pg L-1; the levels diminished rapidly with time from surgery but
remained above normal levels 4 years after surgery, suggesting that ion levels decrease as fusion occurred. del Rio et al.
[23] described similarly elevated serum chromium and nickel levels in patients with instrumented spinal arthrodesis,
noting the correlation between significantly higher metal ion levels and radiological signs of device corrosion. Rackham
et al. [51] determined that the number of metal connections/interfaces was positively correlated with abnormally
elevated serum chromium levels in a group of 30 pediatric patients undergoing posterior spinal arthrodesis.

Several studies have reported metal concentrations, in pediatric and adult subjects implanted with stainless steel
posterior spinal instrumentation, that serum Cr levels were higher than the normal reference range [10,52], or higher
than levels measured in controls [53,54] more than 4 years after surgery. In contrast, one study [55] found no significant
difference in Cr levels in whole blood among patients with retrained implants, patients with removed implants and
unmatched controls. These studies have failed to detect elevated amounts of circulating Cr or Ni from stainless steel
scoliosis rod fixation systems.

Elevated serum Cr and Ni levels and visible corrosion were shown in a study on patients treated with a stainless steel
modular femoral nail [56,57]. In these papers it was suggested that such levels might serve as a marker of fretting
corrosion of these devices, in particular at the modular junctions, even if the clinical impact of elevated ion levels and
their association with osteolysis was not fully defined.

Electrochemical and mechanical processes may interact, causing premature structural failure and accelerated release
of metal ions, in particular chromium and nickel, which may lead to unfavorable biological reactions [58]. The authors
found increased levels of chromium and nickel, as well as a positive correlation between such levels and their sister
chromatid exchanges, in a small number of patients with fixation devices.
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Table 1 Quantitation of metallic wear particles in situ isolated in soft tissue of patients adjacent to metallic spinal implants.

Instrumentations Time No. of | Metal Metal particle tissue content | Detection system | Wear particles morphology Refs.
used in situ | patients (nggt) Clinical outcomes
Ti-6Al-4V 1-2y |3 Al 8.4* SEM Tribororrosive process due to both | [9]
spinal Mo 1.6* ICP-MS wear and environmental factors
instrumentation Y4 0.06* ICP-OES Dark gray granulation tissue
Co 1.35*
Titanium pedicle | n/a 9 Ti 30.36°(1.15-119.38) GF-AAS Rod-like profiles bearing resemblance | [27]
screw 45.80°(2.69-130.61) TEM to metal particles
instrumentation Pseudarthrosis develops
Ti-6Al-4V sliding | 6y 25 Ti 1300**(103-5750) ICP-MS Titanium particles appear black in | [28]
growth guidance Al 18*+(2-106) stained histological sections
instrument v 11%%(2-109) Metallosis-associated clinical
complications; clinical manifestations
such as seroma and sinuses
Stainless steel | 1y 14 Fe 1106° (238-2840) ICP-OES Tendon-like or scar tissue [30]
plates/316L Cr 92.7* (8.4-304.5) Tissue discolorations
Ni 46.3* (2.8-1851) The increased release of toxic, allergic,
Mo * ) and potentially carcinogenic ions
Ti 1417 (1.1-42.3) adjacent to stainless steel
! 2.6* (0.3-9.8)
cpTi plates
pitp 8 Fe 437.7* (75.8-890.5)
;r_ 6.5% (1.9-22.6)
i
M 8.6" (1.6-23.4)
0
Ti 11.1% (0.7-42.3)
76.6* (10.4-201)
Growing spinal | n/a 3 Ti 0.11-0.38 GF-AAS n/a [31]
implants

Analytical techniques: SEM, scanning electron microscopy; ICP-MS, inductively coupled plasma mass spectrometry; ICP-OES, inductively coupled plasma optical emission spectrometry; GF-AAS, graphite

furnace atomic absorption spectrometry; TEM, transmission electron microscopy;

Results are reported as mean*/median** concentration, range (in parentheses); n/a - data not available; y-year
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Table 2 In vivo times and Ti total concentration in bodily fluids of patients following ion release from metallic spinal implants

Instrumentations | Time No. of Bodily Metal Concentration (ug L- | Median (pg | Analytical | Clinical outcomes Refs.
used invivo | patients | fluid ion(s) 1) L1) technique
analyzed | measured | pjorq] Control
implant
Ti-6Al-4V  sliding | 6y 25 Whole Ti 85 ICP-MS 90% had increased Ti compared to | [28]
growth  guidance blood (28-180) controls. Incidence of metallosis-
instrument related clinical complications in
20% of patients; clinical
Al 30 manifestations such as seroma or
(18-150) sinuses without inflammation
\Y% 0.3
(0.2-0.5)
Titanium alloy | 23-28 | 30 Serum Ti 2.6 0.707 (HR) ICP- | Changes in abnormally elevated | [37]
instrumented m (0.48- (0.36- MS serum Ti concentrations (4-fold
spinal arthrodesis 12.97) 1.58) increases compared with control
group): 368%
Titanium alloy | 2d-1y | 15 Whole Ti 55.1 47.9 ICP-MS Changes in whole Dblood Ti | [38]
instrumentation blood (31.0- (32.0- concentration (2 to 3-fold increases,
142.0) 69.0) compared with samples taken pre-
operatively): 115%
Ti alloy Ilumbar | 5.1y 16 Serum Ti 79 (65-90) 80 (60- ICP-OES One third (34.8%) of patients with Ti | [39]
spinal implants 90) alloy spinal implants exhibited
abnormal serum Ti concentrations
Al 50-90 (4-fold increases). Implant failure
due to pedicle screw loosening
Ti-6Al-7Nb  alloy | 1w -1 | 33 Serum Ti 1.84 0.28 1.65 (HR) ICP- | Changes in serum Ti concentrations | [40]
instrumentation y (0.56-9.89) | (0.05- MS (compared with samples taken pre-
0.70) operatively): 514% (1 week), 604%
(1 year)
Ti-6Al-7Nb  alloy | 1w -1 | 32 Serum Ti 1.83 0.20 1.75 (HR) ICP- | Changes in serum Ti concentrations | [41]
instrumentation y MS (compared with samples taken pre-
1 . 0, 0,
Al 117 0.23 1.00 operatively): 526% (1 week), 641%
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(1 month), 678% (6 months), 626%

Nb 0.23 0.16 0.21 (1 year), 611% (2 years). Strong
association between surface area of
implant and Ti levels

Ti-6Al-7Nb  alloy | 1-28d | 2 Serum Ti 2.5;4.1 0.1 (HR) ICP- | Higher serum Ti level (compared [42]
instrumentation MS to samples taken pre-operatively)

Nb 0.25; 0.31 0.02

Al 1.1; 3.0 0.4;2.2

Ti-6Al-4V alloy | 54 m 15 Serum Ti 7.3 2.8 7.28 ICP-MS Local long-term clinical effects of | [43]

instrumentation GR (1.2-18.7) increased metal ion levels remain
undetermined. GR and MCGR Ti
levels were significantly increased

Al 8.1 5.4 3.83 compared to controls

(3.08-24.3)
\% 0.2 0.2 0.16
(0.11-0.24)
85y 22 Serum Ti 10.2 2.8 8.79
MCGR (4.11-27.1)
Al 7.8 5.4 6.20
(1.33-17.1)
\Y% 0.5 0.2 0.32
(0.13-1.98)
Ti-6Al-4V alloy | 1y 19 Serum Ti 2.5406 0.7449 (DF) ICP- | 3.5-fold increase of serum Ti | [44]
instrumentation MS concentrations with respect to the
concentrations initially detected
before surgery
Intramedullary 21 41 Serum Ti 6.45 ICP-MS Elevation of serum Ti levels were | [47]
nails 329 m (3.38-7.65) less statistically significant
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Ti alloy implant
(caudal screws)

Ti alloy implant
(occipital plate)

10y

Serum

Urine

Serum

Urine

Ti

Al

Ti

Al

Ti

Cr

Co

Ti

Cr

Co

3.5

14

12

2.6

0.3

10

3.2

2.4

n/a

Dorso-lumbar pain. Dislocation of
the caudal screws of the implant

Cervical pain, and serous dehiscence
from an occipital decubitus lesion

[50]

Analytical techniques: ICP-MS, inductively coupled plasma mass spectrometry; HR ICP-MS, high resolution inductively coupled plasma mass spectrometry; ICP-OES, inductively coupled plasma optical
emission spectrometry; DF ICP-MS, double focus inductively coupled plasma mass spectrometry; GW, growing rods; MCGR, magnetically controlled growing rods; Results are reported as "mean/median

concentration, range"; d-day; w-week; m-monthly; y-year
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Table 3 In vivo times and Cr total concentration in bodily fluids of patients following ion release from metallic spinal implants.

Instrumentations | Time No. of Bodily Metal Concentration (pg L- Median Analytical Clinical outcomes Refs.
used invivo | patients fluid ion(s) 1) (ngL1) technique
analyzed | measured Metal Control
implant
Posterior spinal 4y 1 serum Cr 4.5 0.2 - n/a Progressive pain. Metallosis within | [10]
fusion SS 0.6 the spinal canal was noted. Peak 4.5
instrumentation pg L' in symptomatic patient;
decrease to 3.6 pg L-1at 1 week after
instrumentation removed and
improved to 0.8 pug L' at 3 years
after instrumentation removed but
still elevated above the normal range
Posterior spinal 39y 37 serum Cr 2.7 0.3 ICP-MS Cr levels remained above normal | [22]
arthrodesis with levels at 4 years. Inverse correlation
SS between serum Cr and time since
instrumentation surgery
Posterior spinal 318y 11 serum Cr 10.5 AAS Cr levels in asymptomatic patients | [23]
arthrodesis with (1.6-33.0) with radiological signs of corrosion
SS were elevated compared to Cr levels
instrumentation urine Cr 27.9 in patients with implants and no
(6.0-96.5) corrosion and patients controls
Cr>3.75 pg L1 indicates corrosion in
asymptomatic patients
Intramedullary 21-329 41 serum Cr 0.10 ICP-MS Significant elevation in serum Cr in | [47]
nails m (0.04- the Russel-Taylor nails, with median
0.22) concentrations that were 2.5 times
Al ICP-OES higher than those in the control
2.55 group
(0.73-
Mo 4.05) ICP-MS
0.75
(0.35-
1.25)
Posterior spinal 4y 30 serum Cr 0.97 0.96 GF-AAS 37% of patients had elevated serum | [51]
arthrodesis with (0.26-9.4) Cr above reference range. Positive
SS nmol L1 association between implant area
instrumentation and serum Cr
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Harrington rods 4y 1 plasma Cr 1.39 n/a Pain, disability, and peripheral | [52]
muscle weakness and atrophy.
Raynaud's phenomenon. Elevated Cr
levels above normal reference were
associated with metallosis

SS 194y 22 serum Cr 0.36 GF-AAS Serum Cr increased compared to | [54]
instrumentation (0.10- controls. High risk of failure if Cr>0.6
2.46) pg Lt
SS posterior 9.3y 32 whole Cr 0.57 0.35 GF-AAS No difference in Cr levels between | [55]
instrumentation blood 0.88 - 0.94 (0.06-2.8) groups (implant retained vs. implant
removed)
SS femoral 21-26 27 serum Cr 1.27 0.05 Spectrograph | Serum Cr levels substantially | [56]
intramedullary m (0.34-3.12) | (0.015- elevated in the patients with a
nails 0.25) modular femoral nail; serve as a
marker of fretting corrosion
SS fracture 24 -62 45 serum Cr 0.59 - 2.04 0.18 GF-AAS Pain, pseudoarthrosis, or loosing | [58]
fixation devices m were found as causes of failure
SS fracture n/a 10 serum Cr 1.10- 2.2 0.19 GF-AAS No correlation was found between | [59]
fixation devices the increased Cr concentrations and
Co 3.3-4.75 0.20 the sister chromatid exchange

number while Cr ion levels were
found to be significantly correlated
to high frequency cell numbers

Single-level 12-36 24 serum Cr 0.06 - 0.65 ICP-MS All of the postoperative Cr levels | [63]
lumbar disc m were higher than the preoperative
Co 0.074- levels
0.274
SS cervical disc 3-84 25 serum Cr 0.074- ICP-MS Cr concentration at all time periods | [64]
system m 0.203 were statistically higher than the
preoperative concentration
SS pectus bars 13 m 11 serum Cr 0.22 - ICP-MS Median serum Cr value is | [66]
12.30 significantly elevated 3.3-fold above
Mo the control group. Chromium levels
0.66-2.43 is abnormally elevated in 6 (55%) of

11 patients

Analytical techniques: ICP-MS, inductively coupled plasma mass spectrometry; ICP-OES, inductively coupled plasma optical emission spectrometry; AAS, atomic absorption spectrometry; GF-AAS, graphite
furnace atomic absorption spectrometry; Results are reported as "mean/median concentration, range"; n/a - data not available; m-month; y-year
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Table 4 In vivo times and Ni total concentration in bodily fluids of patients following ion release from metallic spinal implants.

2.3-fold above the control group;
however, this is not statistically
significant

Instrumentations | Time No. of Bodily Metal Concentration (pg L- Median Analytical Clinical outcomes Refs.
used invivo | patients fluid ion(s) 1) (ngL1) technique
analyzed | measured Metal Control
implant
Posterior spinal 39y 37 serum Ni 3.8 0.3 ICP-MS Ni levels remained above normal | [22]
arthrodesis with levels at 4 years
SS
instrumentation
Posterior spinal 318y 11 serum Ni 3.80 GF-AAS Ni was increased when compared to | [23]
arthrodesis with (1.50-9.00) patients with no radiological signs of
SS corrosion and to volunteers without
instrumentation 20.40 implants
urine Ni (1.70-
300.00)
SS 194y 22 serum Ni 0.56 GF-AAS No difference between groups were | [54]
instrumentation (0.10-1.01) found for Ni (patients vs. control)
SS posterior 94y 32 whole Ni 0.88-1.17 Spectrograph | No difference between groups | [56]
instrumentation blood (implant retained vs. implant
removed)
SS fracture 24 - 62 45 serum Ni 0.49-0.76 GF-AAS Pain, pseudoarthrosis, or loosing | [57]
fixation devices m were found as causes of failure
SS fracture n/a 10 serum Ni 1.71 0.72 GF-AAS An inverse correlation between Ni | [58]
fixation devices level and sister chromatid exchange
number
Ni-Ti superelastic S5y 20 serum Ni 1.2-21 1.3 n/a Nickel levels remained within | [65]
rods normal range
Conventional 1.2-1.3 1.3
titanium alloy
rods
SS pectus bars 13 m 11 serum Ni 0.14 - 11.60 ICP-MS Median serum Ni value is elevated [66]

Analytical techniques: ICP-MS, inductively coupled plasma mass spectrometry; GF-AAS, graphite furnace atomic absorption spectrometry; Results are reported as "mean/median concentration, range"; n/a
- data not available; m-month; y-year
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A recent alternative treatment to fusion for degenerative lumber disc disease is total disc arthroplasty. Common
materials used for spinal bearing articulations include metal-on-polyethylene (MoP) and metal-on-metal (MoM)
combinations. There have been only a few retrospective reports of metal ion levels in patients with stainless steel MoM
disc arthroplasty [59-63]. Recent studies by Zeh et al. [59,60] of MoM TDA find serum levels of cobalt and chromium
after TDA are elevated at concentrations of 3-4 pg L-1 for cobalt and 1-2 pg L-1 for chromium, which were significantly
elevated over control values The concentrations of circulating Cr/Co measured in the serum of people with a MoM TDA
are similar to levels measured in well functioning MoM total hip arthroplasties. They reported on a cohort of patients
implanted with the Maverick where 5 patients obtained 2 TDAs and 5 patients obtained 1 TDA at two time points
(average 14.8 and 36.7 months). The long-term effects of presumably much higher elevations of metal proximal to the
spinal implant remain unknown and are under careful surveillance by implant companies, the FDA and orthopedic
researchers [61]. Bisseling et al. [62] reported lower serum metal (Cr, Co) levels for a retrospective study of ten patients
with a single-level LDA at one postoperative time point averaging 34.5 months (13-61 months). Both Zeh et al. [59] and
Bisseling et al. [62] reported on the same device studied in the present series with either one or two time periods
postoperatively.

Gornet et al. [63] measured concentrations of cobalt and chromium in the serum of patients who underwent a single
level lumbar total disc replacement with a CoCr MoM implant, at 12 and 24 months after surgery, were equal to or lower
for Cr than those associated with stainless steel posterior spinal instrumentation reported by Kim et al. [22], del Rio et
al. [23], and McPhee et al. [55]. Cervical disc arthroplasty (CDA) has emerged as an alternative to anterior cervical
discectomy and fusion for degenerative cervical disc disease. Serum chromium and nickel concentrations were assessed
in 25 patients implanted with ball-in-trough stainless steel-based cervical disc through 7 years. Blood serum Cr and Ni
concentrations were assayed preoperatively and at 3, 6, 12, 24, 36, 60, and 84 months postoperatively [64]. The serum
Cr concentrations were statistically higher for all postoperative time periods compared to preoperative concentrations,
whereas Ni concentration was statistically higher than the preoperative concentration only at 84 months.

Cheung et al. [65] compared nickel levels after spinal fusion using superelastic nickel-titanium rods to conventional
titanium rods. Ni-concentrations varied between 0.6 and 1.3 pg L-1 at baseline to 0.6-3.8 pug L-1 at 4 or more years after
surgery. Cundy et al. [66] investigated serum metal (Cr, Ni, and Mo) levels in children with implanted pectus bars after
minimally invasive repair of pectus excavatum. The results of this study indicated elevated serum chromium and nickel
levels in children with implanted pectus bars, in comparison with control patients. No acute metal toxicity was observed.

The total concentrations of chromium and nickel in the bodily fluids of patients following ion release from metallic
spinal implants are presented in Table 3 and Table 4.

5. Clinical reactions to spinal implant debris

The release of particulate debris from spinal instrumentation remains a clinical concern [67]. Implant debris from wear
cause local inflammation, osteolysis, hypersensitivity and granulomatous invasion of bone-implant contact that, over
time, results in implant loosening and pain, necessitating revision arthroplasty. Fretting corrosion and histopathologic
consequences of debris from metallic spinal instrumentation were reported nearly a quarter of a century ago [19].
Recent reports have documented the effects of spinal implant debris on local tissue and clinical outcome of
posterolateral arthrodesis procedures [68]. Authors conducted a large scale retrospective analysis of 190 patients with
instrumentation for posterior scoliosis and demonstrated that the most common (18%) reason for reoperation was the
onset of so-called late operative site pain (LOSP) of unknown specific etiology. However, at the time of revision, evidence
of fretting corrosion was visible at component connections. This evidence took the form of tissue discoloration with the
presence of intracellular metallic particulates debris identified using electron microscopy. Further evidence of fretting
corrosion at these locations has been supported by reports that aseptic granulomatous inflammation typical of that
associated with corrosion debris appears to correlate with the complexity of the instrumentation [67].

Biologic reactivity to spinal implant debris has been clinically observed with all the hallmarks of traditional particle-
induced osteolysis [69]. When osteolysis or granulomas occur in the presence of metal debris, it is termed particle
disease. In the case of metal debris, this is often accompanied by metallosis. Metallosis often accompanies metal implant
debris-related osteolysis, aseptic fibrosis, local necrosis, or loosening. In a cohort of 12 loosened spinal implant cases,
metallosis of the internal membrane was associated with the outer layer of membrane containing an infiltrate of
leukocytes and macrophages. All 12 patients had radiolucency around part of the spinal instrumentation. Seven of the
patients had titanium implants and 5 of the patients had stainless steel implants, showing this phenomenon is not
limited to 1 type of material. The focal areas of osteolysis most commonly involved loose transverse connectors.
Resection of the wear debris stained tissue and surrounding fibro-inflammatory zones resulted in resolution of clinical
symptoms in all 12 cases [69]. Although stainless steel is more prone to fretting corrosion than titanium, titanium spinal
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devices have been reported to release substantial amounts of metal debris [27]. This metal debris has been reported as
greater in patients with pseudarthrosis than in patients with solid fusions. Titanium debris from spinal instrumentation
has been associated with activated cellular responses such as macrophage infiltrates much like those found around total
joint replacements.

One of the central issues surrounding current metallic spinal implants is the fretting corrosion event observed in the
connections of retrieved screw-plate interfaces and modular connections of spinal implant components. Screw-plate
investigations [69] have shown that crevices formed at the screw-plate junction are inherent to the geometry of the
screw-plate interface and that preventing fretting corrosion may not be possible through enhanced surgical technique.
Although screw-plate fretting is a common source of corrosion debris, in modern practice, gross evidence of corrosion
in screw-plate interfaces is less common [70].

Clinical studies have documented the accumulation of metal ion debris and increased inflammation in paraspinal tissues
at the level of spinal arthrodesis as well as inside macrophages in areas near the pedicle screw-rod junction [71].
Macrophage activation initiated by metal ion debris may lead to increased inflammation and bone resorption resulting
in eventual loosening of the implant [38,39,68,69,71]. In addition to local tissue responses metal ions may disseminate
into the blood stream and remote organs, of which the long-term consequences are unknown [53].

In recent decades, attention in the literature has been drawn to metal hypersensitivity as another possible cause of
implant failure. Although, there has been increasing interest in the field of artificial disc replacement to treat cervical
degenerative disc disease, not much has been mentioned in the literature about the potential complications of the disc
itself. Spinal implants have been only rarely implicated in case or group studies of hypersensitivity [72]. Implant-related
metal sensitivity is well documented in case and group studies, though overall it remains a relatively unpredictable and
poorly-understood phenomenon. The Authors reported secondary recurrence of C5-C6 radiculalgia following
implantation of a cervical chromium-cobalt-molybdenum prosthesis. Imaging found a prevertebral mass and necrotic
tissue. Histology found a hyaline membrane and numerous lymphocytes, but not metal debris.

Zairi et al. [73] reported a case of delayed hypersensitivity following L5-S1 chromium-cobalt-molybdenum metal-on-
metal total disc replacement (Maverick). Two months postoperatively, the patient developed progressive lumbar
radiculalgia and, at 3 months, cauda equina syndrome, urinary incontinence and iliac vein thrombosis. Imaging found
an intracanal mass, accounting for the symptomatology. Patch tests for chromium and 1% cobalt chloride were positive.

Shang et al. [74] reported a slight swelling of the scar, sensitive to the touch, without associated rash. However, despite
the various cases of hypersensitivity reported in the literature, cutaneous signs are rare. Aseptic loosening of the
hardware and an aseptic inflammatory response was diagnosed to be metal hypersensitivity. Lagier et al. [75] reported
a case of allergic reaction after total cervical disc arthroplasty; rash occurring remote from the surgical scar after
cervical disc replacement. Allergy tests confirmed type-4 allergic reaction to chromium.

Berry et al. [76] reported a case of onset of iliac vein and vena cava thrombosis associated with cauda equina syndrome
following Maverick total L4-L5 disc replacement. At 1 year postoperatively, symptomatology associated lower-limb
pain, edema and lower-limb weakness. CT found a retroperitoneal mass and obstruction of the left iliac vein and
adjacent peridural space. Histology found granuloma and diffuse metallic particles.

Guyer et al. [77] reported 4 cases of pseudotumor following implantation of 1 cervical and 3 lumbar chromium-cobalt-
molybdenum prostheses. In each case, after an initially satisfactory result, there was recurrence of progressive pain
associated with neurologic deficit. Histology found an avascular hyaline membrane, lymphocytes, macrophages and
eosinophil polynucleated cells, suggesting allergic rather than infectious etiology.

One of the major difficulties in understanding the clinical implications of hypersensitivity to the implant components is
the lack of universally accepted testing methods. Testing for delayed-type hypersensitivity has been conducted in vivo
by skin testing (i.e. so-called patch testing or intradermal testing) and in vitro by lymphocyte transformation testing
(LTT) [5,71]. Patch testing is still the most widely used method for determining potential metal hypersensitivity
reactions prior to the implant procedure or implant failure; however, over the long term, patch testing alone may be
and inadequate detector of delayed-type hypersensitivity. While patch testing and metal-LTT testing generally yield the
same results, LTT testing may be equally or better suited for the testing of implant related sensitivity, because there is
no risk of inducing metal sensitization using skin exposure; metal-LTT is highly quantitative.

Despite the association of implant debris release from implants with adverse immunologic response, cause and effect
have not been established in symptomatic patients with spine implants. Specific types of implants with a greater
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propensity to release metal in vivo may be more prone to induce metal sensitivity. The importance of this line of
investigation is growing, as the use of metallic spinal implants is increasing and as expectations of implant durability
and performance increase [71].

Spinal implants are made from a variety of materials to meet the unique mechanical demands of each application.
However, the medical device community has raised concern about mixing dissimilar metals in an implant because of
fear of inducing corrosion that could potentially compromise the implants and lead to aceptic loosening, implant failure,
or adverse biological reaction in host tissue.

Hybrid spinal implants that combine cobalt-chromium (CoCrMo) rods and screw heads with titanium (Ti) screws have
recently gained popularity owing to enhanced biomechanical properties and superior deformity correction [78-80].
However, there are resent concerns raised due to corrosion and wear [3,27] and tissue reactions such as metallosis
[23,27,39]. There are more recent suggestions that the physical and mechanical properties of CoCr rods are more
appropriate for the increased correctional forces of the deformed spine than rods made of different material [78]. Using
two different metals (cobalt-chromium and titanium alloys) can induce galvanic and fretting corrosion which may
augment release of metal ions [81,82]. In the case of instrumentation that uses dissimilar methods, only preclinical
testing has been performed [82] and neither post marker surveillance studies using blood metal ions, nor implant
retrieval studies. Panagiotopoulou et al. [18] described corrosion scores for the assessment of retrieval spinal implants
with two types of material combinations: similar (Ti/Ti) and dissimilar (CoCr/Ti). Using this score, Authors found no
evidence of increased corrosion when two different materials are galvanically coupled in spine instrumentation. This
suggest that metallosis may due more than just implant risk factors.

Given the increasing popularity of hybrid CoCr and Ti spinal implants, large-scale studies are needed to evaluate
whether these implants increase the risk of implant loosening and to clarify the unforeseen dangers of metals ion
concentrations and their clinical relevance after spine surgery using combinations of dissimilar metal constructs in
order to guide the surgeon in choosing implants.

Radiographic evidence of corrosion, implant failure, pseudarthrosis, revision surgery and adverse reaction reporting
was highly variable. Our review revealed conflicting results with some studies showing a relationship between elevated
metal ion levels and radiographic evidence of corrosion or implant failure whereas others found no association. Unlike
the reports from Takahashi et al. [7], and Tezer et al. [8] where intraoperative evidence of titanium metalwork corrosion
or loosening were seen in plain radiographies, while in other case there has been no noted intraoperative or radiological
evidence of loosening or corrosion [6,32]. In clinical practice, evaluation of radiographic and blood test results can serve
as indication of corrosion and wear in spine implants, although they are not established as part of the routine monitoring
of patients. Radiographs and metal levels may help guide diagnosis; however, surgical exploration is needed for early,
definitive diagnosis of corrosion and treatment. However, it is possible that for different kinds of spinal
instrumentations in which corrosion has been reported in the literature, metal levels can be more useful than looking
for radiographic signs of corrosion.

Clinical specimen samples serve as a final example to illustrate the diversity of applications in which multi-elemental
analyses at trace levels play a key role. To evaluate potential negative health effects from metals releases from spinal
implants, accurate determination of many metals at sub-pg L-1 levels in bodily fluid specimens is necessary. Specimen
metal ion measurement must be performed under the rules of internal/external quality control and using a validated
method [5].

Several analytical alternatives have been proposed in the literature for the determination of metals in clinical
specimens. However, it is important to mention that the accuracy of analytical methods was only properly evaluated in
a few studies [39,43,57]. As there are several types of specimens used for the determination of metals, the most suitable
tool determination of metals should always be selected according to the specimen collection procedure, the analytical
method, the characterization of the metals and the complexity of the specimen matrix (whole blood, serum, plasma, or
urine).

Elevated concentrations of trace metals (Al, Co, Cr, Ni, Mo, and Ti) have been reported in the whole blood of patients
with failed metallic spinal implants [28,38], in plasma [52] and serum [10,22,23,37,39-51,53-55,57-61,63-66], urine
[23,55], and in soft tissue [9,27,28,30,31]. Several studies reported in the literature describe the determination of metals
in patients with spinal implants by spectrometric techniques, among them inductively coupled plasma mass
spectrometry (ICP-MS) [9,22,28,37-49,61,63,64,66], and inductively coupled plasma optical emission spectrometry
(ICP-0OES) [9,30,39,47]. Graphite furnace atomic absorption spectrometry (GF-AAS) has also used for the determination
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of metals in patients with spinal implants [27,31,51,53-55,57-60]. However, several studies did not clarify what
technique was used [10,23,50,52,65].

Metal ion measurements, prevalently cobalt, chromium, nickel, and titanium, in blood or serum allow the early detection
of increased wear metal debris before extensive tissue destruction has occurred with a better outcome of revisions.
Unfortunately, there is growing evidence that grossly elevated metal ion measurements alone are not sufficient method
to detect failing or failed spinal implants, and controversy exists in determining the optimal cut-off levels. Given the
large discrepancies between published figures (i.e. detection limits, reference ranges) for local metal levels, it is
important to determine approximate threshold values for these trace metals in various biological specimen matrices
(samples) to serve an indicator for abnormal metallic wear and/or device failure. Currently there is no known
concentration threshold or specific elevated metal ions leading to initial inflammatory local tissue reactions in the body
or no cut-off values have been consistently and reliably proposed [23,54], if compared with the best described literature
of metal-on-metal hip implanted patients that presented implant failure and local metallosis needing surgical
intervention for revision [5]. The potential of released spinal implant debris to induce inflammation and osteolysis in
the spine is well accepted, yet it remains unknown how to determine what tolerable thresholds are for each individual.

It may be recommendable to establish basal metal levels in patients with specific kinds of stainless steel, titanium, and
cobalt-chromium alloy instrumentations and to perform metal concentration analysis as a part of the periodical clinical
evaluation. This may allow an early diagnosis of corrosion, preventing local complications. Also, metal levels may be
useful in defining the role of corrosion in late operative site pain and late infection of metallic spinal implants.
Monitoring with standardized analysis techniques to allow comparability is needed.

Speciation analysis should also be carried out because the toxic effects of metals depend on the species present in the
clinical specimen sample, and this should be considered to establish maximum limits in new official recommendations.
Because there are no analytical protocols exist for this purpose, therefore, there is a need to develop methods in this
regard.

6. Conclusion

Metal implants are routinely used in healthcare but may fail following degradation in the body. The increasing use of
metallic spinal implants has stimulated interest and concern regarding the chronic, long-term effects of the metallic
materials used. This review focuses on the current knowledge of the adverse local tissue reactions to metal debris,
nanoparticles and ions, released from spine arthroplasty implants in vivo. Specifically, the purpose of this article is to
provide an overview of the literature about the adverse effects of metal nanoparticles and trace metal ions on
surrounding soft tissues and bodily fluids, resulting in instrumentation failure in patients with spine constructs. This
review produced useful information regarding the production and distribution of particulate metallic debris around
spinal implants. As a consequence, the determination of metal levels in clinical specimen samples has become a priority,
and analytical/clinical methodologies have had to improve to meet more demanding expectations for accuracy,
precision, analysis times and multi metal assays.
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