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Abstract

Purpose We evaluated the consequences of cobalt–

chromium alloy (CoCr) wear debris challenge in the peri-

spine region to determine the inflammation and toxicity

associated with submicron particulates of CoCr-alloy and

nickel on the peri-spine.

Methods The lumbar epidural spaces of (n = 50) New

Zealand white rabbits were challenged with: 2.5 mg CoCr,

5.0 mg CoCr, 10.0 mg CoCr, a positive control (20.0 mg

of nickel) and a negative control (ISOVUE-M-300). The

CoCr-alloy and Ni particles had a mean diameter of 0.2 and

0.6 lm, respectively. Five rabbits per dose group were

studied at 12 and 24 weeks. Local and distant tissues were

analyzed histologically and quantitatively analyzed

immunohistochemically (TNF-a and IL-6).

Results Histologically, wear particles were observed in

all animals. There was no evidence of toxicity or local

irritation noted during macroscopic observations in any

CoCr-dosed animals. However, Ni-treated control animals

experienced bilateral hind leg paralysis and were eutha-

nized at Day 2. Histopathology of the Ni particle-treated

group revealed severe neuropathy. Quantitative immuno-

histochemistry demonstrated a CoCr-alloy dose-dependent

increase in cytokines (IL-6, TNF-a, p \ 0.05) at 12 and

24 weeks.

Conclusions Subtle peri-spine inflammation associated

with CoCr-alloy implant particles was dose dependent and

persistent. Neuropathy can be induced by highly reactive

Ni particles. This suggests peri-spine challenge with CoCr-

alloy implant debris (e.g., TDA) is consistent with past

reports using titanium alloy particles, i.e., mild persistent

inflammation.
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Introduction

The issue of metal debris released from prosthetic devices

continues to be a source of concern, especially with the

introduction of artificial discs and other motion preserving

metal-on-metal devices in the spine [1, 21, 23]. It is generally

recognized that implant-debris-induced aseptic loosening

and periprosthetic osteolysis are the most common reasons

for revision surgery [39]. Innate immune responses, i.e.,

macrophage responses, to implant debris mediate this oste-

olysis [9, 16, 20, 28, 33]. Past study of titanium particulates

on the spine (dura) has demonstrated increased cytokines

(e.g., TNF-a), increased osteoclastic activity and cellular

apoptosis [7]. To date, similar in vivo investigation has not

been reported with CoCr-alloy particles, despite the wide-

spread use of CoCr-alloy spine implants.

Metal-on-metal total disc arthroplasties and fusion

implants have been shown to produce wear debris particles

in both the micron and submicron sizes [13, 18, 27, 32, 35].

Recent retrieval analysis of metal-on-metal total disc
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arthroplasty debris by Guyer et al. [12] has reported the

CoCr-alloy implant debris to be primarily in the submicron

range. It remains unknown if bolus challenge with CoCr-

alloy particulate will elicit a persistent inflammatory

reaction in the peri-spine area; and if so, to what degree?

We hypothesized that a bolus amount of CoCr-alloy metal

wear debris will induce only short-term dose-dependent

inflammation (i.e., no persistent histological evidence of

gross osteolysis and neurological effects). We tested this

hypothesis by quantitatively evaluating the local inflam-

matory responses of spinal implant CoCr-alloy particles

and nickel (Ni) particles in an in vivo rabbit model with

perioperative and postmortem radiographic, histologic, and

quantitative immunocytochemical analyses. Nickel was

chosen as a positive control because while known to be

reactive [3, 19, 26, 31, 34, 37], it is also orthopedically

relevant as minor component of CoCr-alloy and steel

implant alloys.

Methods and materials

Animal model

Fifty male New Zealand white rabbits, 3.2–3.5 kg at

selection, were used as test subjects. The animals were

randomized into 5 different treatment groups and then

further subdivided into two follow-up periods of 12 and

24 weeks (i.e., 5 animals per treatment per period). The

treatment groups consisted of 2.5 mg CoCr-alloy (T1),

5.0 mg CoCr-alloy (T2), 10.0 mg CoCr-alloy (T3) per

animal, a Ni-treated group (20.0 mg Ni per animal) and a

negative control group (ISOVUE-M 300). Animal hus-

bandry was conducted at NAMSA (Northwood, OH); the

protocol was approved by their Institutional Animal Care

and Use Committee (IACUC).

A rabbit model was selected for three reasons: (1) current

FDA and ISO requirements for new spine materials require

rabbit testing on the dura, etc. (e.g., Guidance for Industry

and FDA Staff-Class II Special Controls Guidance Docu-

ment: Intervertebral Body Fusion DeviceDocument issued

on: June 12, 2007, http://www.fda.gov/MedicalDevices/

DeviceRegulationandGuidance); (2) previous studies of

spinal implant debris reactivity have used rabbit models, thus

our results will be comparable to other biomaterials; and (3) a

rabbit model has been previously validated as capable of

demonstrating debris induced osteolysis and inflammation in

the peri-spine [5, 7, 17, 29, 30, 36].

Particles

Submicron particles of CoCr-alloy (ASTM, F-75) and pure

Ni were obtained (BioEngineering Solutions Inc, Oak Park,

IL) and characterized using low angle laser light scattering

(LALLS, Microtrac-X100, Microtrac, Montgomeryville,

PA) and scanning electron microscopy (SEM, 3000-SN,

Hitachi, Pleasanton, CA) to qualitatively analyze particle

size, shape and composition (energy dispersive analysis

x-ray, Oxford Inca EDX system). The CoCr-alloy particles

size ranged from 0.1 to 3.27 lm (average size 0.2 lm

diameter) (Fig. 1), where approximately 99.7 % of the total

number of particles were sub-micrometer in size (\1 lm).

Ni particles ranged from 0.3 to 18.5 lm (average 0.6 lm

diameter). SEM analysis for all particles showed the size

was consistent with the LALLS analysis and the particles

were granular and flake-like in shape. Sterile particles were

shown to be free of endotoxin (\0.01 UE), using Kinetic

QCL assays (Pyrogent 5000 assay, Biowhittaker). Several

past investigations have shown that for a given amount of

mass, smaller particles (e.g., \1 lm) generally produce

greater inflammation than larger particles (e.g., 10 lm),

because there is over 109 the total amount of particle (i.e.,

dose) [10, 24, 25]. Thus submicron particles were chosen to

reflect higher more reactive doses of particles while

maintaining clinically relevance in size.

Surgical procedure

All animals underwent physical and neurological examin-

ations to confirm healthy normal status prior to the inclu-

sion in the study. The rabbits were preanesthetized with

an intramuscular injection of ketamine hydrochloride

(34 mg/kg) and xylazine (5 mg/kg) and general anesthetic

was administered to each animal at a dose of 0.6 ml/kg

body weight. The rabbits were maintained under general

anesthesia on isoflurane inhalation. Prophylactic antibiotic

(Baytril 10 mg/kg) and analgesia (buprenorphine 0.02

mg/kg) was administered before and after surgery.

Using fluoroscopic guidance, a 20 gauge needle was

placed into the epidural space of the lumbar region (L4/5).

A syringe with approximately 50 ll of ISOVUE-M-300

radiopaque contrast solution (Bracco Diagnostics, Prince-

ton, NJ) was injected to confirm correct needle position.

The test article was suspended in ISOVUE-M 300, aspi-

rated into a second syringe and injected into the epidural

space. A third syringe containing ISOVUE-M 300 was

attached and approximately 50 ll was injected to rinse the

test suspension from the needle lumen.

Gross observations and histology

At the designated intervals (12 and 24 weeks), the rabbits

were sedated with an intramuscular injection of acepro-

mazine maleate (0.2 ml/kg). The rabbits were then eutha-

nized and macroscopic observation of the viscera was

conducted.
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The injected site along with several vertebrae levels

cranial and caudal to the site and the muscle tissue

immediately adjacent to the implant sites were dissected

free and removed in toto. Additional tissues samples

including the brain, heart, lungs, liver, spleen, thymus,

kidneys, adrenal glands, lymph nodes (mesenteric, sub-

mandibular, and thoracic), gonads, and any tissue with

visible gross lesions were gathered. All tissues were placed

Fig. 1 Scanning electron micrographs (SEM), volume and number

based LALLS size distributions and EDS determined chemical

compositions for a CoCr-particles and b Ni particles, where CoCr-

alloy particles had an average mean size = 0.2 lm diameter (number

based), median = 0.14 lm, standard deviation of number distri-

bution = 0.018 lm (overall range 0.1–74 lm). Ni particles had

an average mean = 0.6 lm diameter (number based), median =

0.42 lm, standard deviation of number distribution = 0.22 lm

(overall range 0.3–74 lm). More than 99 % of the total number of

CoCr-alloy particles were \1 lm and [94 % of Ni particles were

\1 lm

Eur Spine J (2012) 21:2649–2658 2651

123



in 10 % neutral buffered formalin paraffin-embedded,

sectioned, stained with hematoxylin and eosin and evalu-

ated by a qualified pathologist.

Immunohistochemistry

The guidelines for testing biological responses to particles

(ASTM 1904-98, 2008) recommends measuring in vivo

levels of cytokines using immunohistochemistry (IHC) of

inflammatory cytokines such as IL-1b, IL-2, IL-4, IL-6,

IL-10, PGE2, or TNF-a. Thus, a small section of the

overlaying tissue at the injection site was analyzed

immunohistochemically for the expression of tumor

necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6). The

frozen tissue was then fixed in 10 % formalin solution,

paraffin-processed, and slide-mounted. These sections were

treated with either anti-rabbit TNF-a or IL-6 (R&D Sys-

tems, and Santa Cruz Biochem) or left untreated.

Using primary and biotin linked secondary antibodies,

immunohistochemical localization of IL-6 and TNF-a was

performed. Briefly, treatment with cytokines involved dis-

solving the paraffin-embedded 10-lm-thick tissue speci-

mens using Histosolv solution (Sigma, ST Louis, MO),

followed by hydration with decreasing solutions of ethanol

and water. Epitopes of IL-6 and TNF-a were retrieved with

trypsin and blocked with 1.5 % goat (for TNF-a) or mouse

(for IL-6) serum in PBS. The samples were incubated

overnight with TNF-a or IL-6 primary antibodies at 4�C and

stained using previously reported quantitatively IHC tech-

niques [7, 17]. For each cytokine/time-point/control three

slides per tissue specimen were analyzed from 5 randomly

selected microscope fields per slide resulting in 15 fields per

tissue sample (at 2009) that were used to quantify local

cytokines (Scion Image, Scion Corporation, Frederick, MD).

The total area of stained pixels was compared to the total

pixel area of the microscope images. Standard two-tailed

t testing was used to determine p confidence values of sig-

nificance in cytokine expression between independent rabbit

groups at each time point (12 and 24 weeks).

Results

Clinical observations

Postoperatively all Ni-treated animals for both time inter-

vals appeared listless and exhibited decreased responsive-

ness and by Day 2 all Ni-treated animals that had evidence

of neurological deficit such as bilateral hind leg paralysis

and were euthanized. Otherwise all other animals appeared

normal and there was no evidence of neurological deficit or

other neurologic or musculoskeletal abnormalities follow-

ing the surgical procedure.

Histology

Wear debris was present at the injection site of all Ni-treated

and almost all test animals (Fig. 2). In addition, wear debris

Fig. 2 Spinal cord sections from the implantation site showing CoCr-

particles present in the areas around the implants, shown as black

granular areas indicated by arrows: a 2.5 mg dose at 24 weeks,

b 5.0 mg dose at 12 weeks, and c 10.0 mg dose at 24 weeks. Most of

the wear debris challenge remained within the epidural region and

was not extensively systemically distributed
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was present in tissue samples from the segments located

cranial and/or caudal to the injection site for all Ni-treated

animals and most CoCr-alloy test animals regardless of dose.

Most of the wear debris was located within the epidural

region in the cytoplasm and those found in macrophages or

multinucleated giant cells (histiocytic inflammatory cells)

for all CoCr-alloy-treated animals regardless of dose

(Fig. 3). Minimal or mild epidural fibrosis consistent with a

minimal fibrotic response to both the injection procedure

and the wear debris was noted in T3 animals at 12 (5/5) and

24 (4/5) weeks. There were no adverse tissue effects such

as necrosis, degeneration, infection/abscess formation,

excessive inflammation, or unusual immune reaction in

response to the wear debris particles in all but one T3

animal (animal euthanized on Day 8).

No systemic CoCr-alloy-related tissue alterations or

particles were observed in distant organs associated (brain,

heart, lungs, liver, adrenal glands, spleen, thymus, kidneys,

thoracic lymph nodes, submandibular lymph nodes, mes-

enteric lymph nodes, and gonads).

Adverse tissue effects to the Ni debris included degen-

eration, and necrosis and hemorrhage were observed in the

spinal cord, nerve roots and perivertebral region (Fig. 3). In

one Ni-treated animal, there was a marked amount of

polymorphonuclear cells surrounding the debris. Minimal

to mild mixed cell infiltration was seen in the heart of all

Ni-treated animals. This infiltration was thought to be

secondary to severe inflammatory reaction observed at the

injection site as no wear debris was seen in the heart.

Immunohistochemistry

The cytokines (antigens) localized on macrophages pro-

duced a brown chromogen label in response to primary and

secondary antibody treatment of TNF-a and IL-6. The

regions of active cytokines were quantified using threshold

image analysis of transmission light micrographs, showing

detectable evidence of local IL-6 and TNF-a staining with

the graphical analysis of percent area staining (Fig. 4).

Generally, there were statistically increased amounts of

TNF-a and IL-6 observed in the rabbit tissue specimens

from Ni-challenged and CoCr-alloy-challenged groups

when compared to control animals, where 2-day Ni-chal-

lenged tissues demonstrated the greatest amounts of TNF-a
and IL-6 staining on a non-normalized basis (Fig. 5). At

12 weeks all three CoCr-alloy-treated groups demonstrated

increased amounts of TNF-a and IL-6 levels when com-

pared to control tissues (p \ 0.05). This increased

expression of IL-6 and TNF-a is also visually identifiable

in the processed images of the micrographs (Fig. 4). There

were no significant dose-dependent responses between the

elevated cytokine expressions of CoCr-alloy groups chal-

lenged with 2.5, 5.0, or 10.0 mg per rabbit at 12 or

24 weeks. The overall expression of IL-6 and TNF-a in

particle-treated tissues was not statistically different

between the 12- and 24-week samples on a non-normalized

basis (Fig. 5). Secondary antibody controls were also used

alone as controls, to account for any non-specific secondary

antibody staining, \0.01 %.

Treated groups were normalized to nontreated controls

at 12 and 24 weeks by dividing each cytokine value by the

average of percent stain for non-treated controls (Fig. 6)

where results of the non-treated controls are reduced to a

cytokine index of 1. The resulting comparison demon-

strates a statistical increase (p \ 0.03) in the amount of

IL-6 and TNF-a staining at 24 weeks, compared to 12 weeks.

This increased response at 24 weeks over that at 12 weeks

was only apparent at the higher doses (5 mg/rabbit and

10 mg/rabbit) for TNF-a. The cytokine index for the 5.0

and 10.0 mg CoCr-alloy groups were approximately

threefold greater at 24 weeks than at 12 weeks, indicating a

persistence or relative-increase in inflammation associated

with particle challenge.

Discussion

The results did not support our original hypothesis, but

indicated that while CoCr-alloy metal debris did not

demonstrate osteolysis, it did produce a persistent subtle

immune response. There was no histological evidence of

gross toxicity or excessive local irritation noted in any of

the CoCr-alloy dosed animals at 12- and 24-week time

intervals. This is the first study of CoCr-alloy-induced

effects in the peri-spine region [6]. However, our results

are consistent with past investigation of peri-spine implant

debris such as magnesium particles [22], titanium particles

Fig. 3 Injection site of a Ni-treated animal at Day 2 with marked

infiltration of polymorphonuclear cells (blue arrow) and moderate

hemorrhage (red arrow) are observed around Ni particles (black arrow)

and mild degeneration/necrosis (white arrow) observed in the spinal cord
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[7] and PEEK particles [30, 36]. These past in vivo

investigations of spinal implant particles demonstrated that

clinically relevant particles elicit chronic mild inflammatory

reactions [5, 7, 17, 29, 30]. Similar to our results, TNF-a was

previously identified as a locally elevated cytokine associ-

ated with debris and peri-posterolateral arthrodesis [7, 38].

Fig. 4 Example of original microscope images (left) and image

processed thresholded images (right) of areas of TNF-a staining used

to calculate aerial percentages (left) and resulting images used for

pixel quantification (right) for sample 53625-6-TNF (12 weeks,

10.0 mg CrCo dose). These images represent 3 of 15 images used to

characterize TNF-a expression for a single tissue specimen, where 5

images for each of 3 tissue sections (slides) were used to characterize

TNF-a expression in a single tissue
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Continued particle-induced inflammation over the long term

leads to inflammation, induced osteolysis and implant

loosening [11].

This is the first report of reactive metal particles (Ni)

used as a positive control in an animal model of implant

debris inflammation (that are also a constituent of CoCr

and stainless steel orthopedic alloys). This attempt to

establish a baseline for what is an unacceptable level of

particle-induced inflammation was only partially success-

ful. This is because unexpected severe neuropathy devel-

oped in Ni-challenged rabbits (20 mg/rabbit Ni). This

novel response thus demonstrated that of certain kinds of

metal particles can have neuropathologic consequences in

the peri-spine region. In contrast, there was little reactivity

to CoCr-alloy debris at much longer exposure durations

(Figs. 2, 3). This severe reaction to Ni was unexpected

because past investigation by Rhalmi et al. [29] had pre-

viously shown that Nitinol particles (comprised of Ti with

as high as 35 % Ni), were similarly non-reactive in peri-

spine tissue when compared to pure Ti particles without Ni.

The histopathology of Ni-treated animals (Fig. 3) revealed

evidence of a toxic and/or inflammatory response with

adverse tissue effects such as degeneration, necrosis, and

hemorrhage in the spinal cord, nerve roots and periverte-

bral regions. As early as Day 2 there were significantly

elevated amounts of IL-6 and TNF-a cytokines in the

Ni-treated local tissues when analyzed using quantitative

immunohistochemistry. The Ni-treated animals had bilat-

eral hind leg paralysis and had to be euthanized at Day 2,

indicating that a bolus of 20 mg Ni was highly toxic and

too high a dose to act as an effective ‘‘positive’’ control and

model unacceptable long-term biologic effects. Nickel has

been shown to be both immunogenic and carcinogenic in

humans [4, 14]. In animal studies Ni has been shown to

compete with Ca(2?) and induce mortality through whole

body reductions in Na(?) [2]. However, the observance of

Ni-induced neuropathy in the current investigation is a

novel finding that needs to be further elucidated. While Ni

is present in CoCr-alloy implants in \1 % (ASTM F75)

and 10–15 % in stainless steel orthopedic implants (ASTM

316LV), the role of nickel in implant failure has not been

investigated, aside from hypersensitivity responses [15].

Our attempt to define a level of ‘‘too much’’ inflammation

(using Ni) is important for comparative purposes, but the

dose we used (20 mg/rabbit) was too high, due to the

unexpectedly high reactivity of Ni particles. Why Ni is so

much more bioreactive/toxic than CoCr is largely

unknown. Future experiments using Ni particle as a posi-

tive control in osteolysis studies should use a lower dosage

(\10 mg) to facilitate longer observation out to 24-week

time points. This will require extra caution and vigilant

animal husbandry to prevent rabbit suffering.

Fig. 5 12- and 24-week data

showing percent of total stained

area for each cytokine treatment

with IL-6 or TNF-a (or control)

for each Ni and CoCr dose.

Statistically increased

(p \ 0.05) amounts of TNF-a
and IL-6 were produced in

Ni-challenged and CoCr-alloy

challenged groups when

compared to control animals,

where 2-day Ni-challenged

tissues demonstrated the

greatest amounts of TNF-a and

IL-6 staining on a non-

normalized basis. *p \ 0.01

when compared to non-treated

control samples (no particles

group) and **p \ 0.03 when

compared to non-treated control

samples (no particles group)
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Negative control/sham surgeries using saline and X-ray

contrast medium produce some measure of initial inflam-

mation that was measurable at 12 weeks but not at

24 weeks. Particle-treatment groups that were normalized

to this control data demonstrated strong dose dependence

of cytokine increases associated with an increase in particle

dose at 24 weeks (p \ 0.03) but not at 12 weeks. This

persistence of CoCr-alloy-induced inflammatory responses

is subtle requiring both quantitative immunohistochemistry

and normalization to non-treated controls to detect induced

inflammatory reactions.

Clinically, our findings suggest that the various metals

within implant alloys can have radically different reactivity

profiles in vivo, particularly in the spine. There have been

case reports of rare neurologic symptoms secondary to

metallosis and granulomas produced by metallic spine

implant debris [35]. For the first time, the risk of severe

neuropathy by highly reactive metal particles has now been

reproduced in vivo in an animal model, albeit by Ni par-

ticles not CoCr-alloy. Thus, while rare, our results dem-

onstrate the ability of implant debris to produce neurologic

symptoms, increasing the grounds for enhanced surveil-

lance when peri-spine metallosis is suspected.

Conclusions

The effects of spinal implant debris from wear and corro-

sion on local and systemic tissues remains a clinical

concern. Reportedly, spinal implant debris elicits a mac-

rophage-mediated response with increased levels of local

pro-inflammatory cytokines, osteoclastogenesis and cellu-

lar apoptosis [8, 13, 29, 40]. The results of this in vivo

study support this and this response is both dose dependent

and can persist over the long term. These inflammatory

responses to CoCr-particles were characterized by mild

macrophage, lymphocyte and multinuclear cell infiltration

in contrast to the observed neuropathologic responses to Ni

particles. This is the first report of peri-spine tissue reac-

tivity to CoCr-alloy particles in a rabbit animal model.

Quantitative immunohistochemistry was able to discern

particle-induced inflammation, at levels where traditional

Fig. 6 Co-Cr treated groups

were normalized to nontreated

controls at 12 and 24 weeks for

(a) IL-6 and (b) TNF-a by

dividing each sample cytokine

value by the average percent

stain for all non-treated samples

at that time point. Non-treated

controls are reduced to a

cytokine index of 1. Lines
indicate statistical difference

between groups at p \ 0.03.

Dose-dependent differences

were observed between 2.5 and

5 mg for IL-6 and between 2.5

and 10 mg for TNF-a
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histological examination of immune reactivity and serum

cytokine analysis were unable to detect dose-dependent

differences [7]. This study provides a basis for comparison

of other implant materials in the spine and unexpectedly

demonstrated the severe neuropathology that can be

induced by submicron nickel particles. Further in vivo

study is required to understand how much in vivo persistent

inflammation is too much and when does it translate into

osteolysis and spinal implant loosening.
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