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Abstract

Purpose To understand the relative histopathological

effects of PEEK particulate debris when applied within the

epidural versus the intervertebral disc space. We hypoth-

esized that due to the avascular nature of the intervertebral

disc acting as a barrier to immune cells, the intradiscal

response would be less than the epidural response.

Methods The inflammatory effects of clinically relevant

doses (3 mg/5-kg rabbit) and sizes (1.15 lm diameter) of

PEEK implant debris were assed when placed dry on epi-

dural and intradiscal tissues in an in vivo rabbit model. The

size of the particulate was based on wear particulate

analysis of wear debris generated from simulator wear

testing of PEEK spinal disc arthroplasty devices. Local and

systemic gross histology was evaluated at the 3- and

6-month time points. Quantitative immunohistochemistry

of local tissues was used to quantify the common inflam-

matory mediators TNF-a, IL-1b, and IL-6.

Results Both treatments did not alter the normal appear-

ance of the dura mater and vascular structures; however,

limited epidural fibrosis was observed. Epidural challenge

of PEEK particles resulted in a significant (30 %) increase

(p \ 0.007) in TNF-a and IL-1b at both 3 and 6 months

compared to that of controls, and IL-6 at 6 months

(p \ 0.0001). Intradiscal challenge of PEEK particles

resulted in a significant increase in IL-1b, IL-6 and TNF-a
at 6-months post-challenge (p B 0.03). However, overall

there were only moderate increases in the relative amount

of these cytokines when compared with surgical controls

(10–20 %). In contrast, epidural challenge resulted in a

50–100 % increase.

Conclusions The results of this study are similar to past

investigations of PEEK, whose results have not been

shown to elicit an aggressive immune response. The degree

to which these results will translate to the clinical envi-

ronment remains to be established, but the pattern of subtle

elevations in inflammatory cytokines indicated both a mild

persistence of responses to PEEK debris, and that intradi-

scal implant debris will likely result in less inflammation

than epidural implant debris.

Keywords PEEK � Wear particles � Biocompatibility �
Disc arthroplasty � Immune response

Introduction

The survival of total joint arthroplasty has been restrained

primarily by the generation of wear debris and its subsequent

biologic sequela, aseptic loosening caused by wear particle-

mediated inflammation and an osteolytic cascade [1–5].

Thus, given the historical development parallels, the

increasing role of disc arthroplasty devices as an alternative

to fusion remains a clinical concern [6–8]. Although disc

arthroplasty has over a 20-year clinical history, much

remains unknown particularly when compared with the

understanding of large joint arthroplasty. As a consequence,

there is lack of scientific evidence regarding the bioreactivity
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and potential consequence of an adverse host response to

these devices within and around the spinal environment.

The articulating materials for disc arthroplasty devices

have predominantly been metal–polymer or metal–metal

[9]. However, early simulator studies have shown the

potential of other candidate materials, such as poly-ether-

ether-ketone (PEEK) [10, 11], as a wear resistant alternative

to these materials for articulating bearing surfaces. Conse-

quently, self-mating PEEK implants are now in clinical use

in the form of lumbar nucleus replacement [12] and cervical

total disc arthroplasty devices [13]. However, only recently

has the proinflammatory potential of implantable grade

PEEK been evaluated, where human monocyte/macrophage

responses to PEEK particles generally demonstrated similar

inflammatory cytokine responses when compared with

UHMWPE [14], with similar results reported for titanium

with regard to osteoblast activity [15]. However, given the

relative novelty of self-mating PEEK as a bearing material in

spine applications, it remains critically important to evaluate

the potential inflammatory reactivity of PEEK wear debris.

Past study of metal and polymer particulates within the

epidural space has demonstrated increased inflammatory

reactivity (e.g., persistent increases in cytokines such as IL-6

and TNF-a), increased osteoclastic activity and cellular

apoptosis [16, 17]. Clinical case reports of total disc

replacements have shown elevated serum metal ions [18],

gross metallosis [19] and what appears to be elevated

immune responses [20, 21]. However to date, few investi-

gations have reported on the peri-spine effects of PEEK

particles [22], and none have reported the inflammatory

effects associated with PEEK particle challenge intradiscally

or with clinically relevant sizes and dose of particles.

The current study seeks to elucidate the relative histopa-

thological effects and assesses the local and systematic his-

tological response of PEEK particulate implanted within the

epidural versus intervertebral disc space. We hypothesized

that clinically relevant amounts and sizes of PEEK implant

debris from spinal disc arthroplasty devices would be more

reactive when placed epidurally versus intradiscally due to

the added barriers to immune cells (e.g., macrophages) given

the avascular nature of the intervertebral disc. This hypoth-

esis was tested using an in vivo rabbit model to investigate

the possible histopathological effects and assess the local and

systematic histological response of PEEK particulate

implanted within the epidural and intradiscal spaces.

Methods

Preparation of particulate

Commercially available particles (BioEngineering Solu-

tions, Oak Park, IL) were produced from implant-grade

non-sterilized PEEK bar stock (PEEK-OPTIMA LT1, In-

vibio Biomaterial Solutions) using proprietary techniques

involving custom cryomilling and cryopulverization in

liquid nitrogen, suspended in distilled water and analyzed

via laser light diffraction and scanning electron microscope

analysis (ASTM 1877-05). 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 a much

higher dose (e.g., for 1 lm vs. 10 lm diameter parti-

cles = over 1000 9 the total amount of particle dose) [23–

25]. The mean particle size used in this study was

1.15 ± 0.51 lm with a range from 0.5 to 70.0 lm diameter

with 99 % B5.0 lm diameter (Fig. 1), where particle size/

diameter is defined here as equivalent spherical diameter

(ECD) based on the average diameter of an equivalent

circular cross-sectional area. Because particles of B5.0 lm

have been found to be readily phagocytosable by local

immune cells, i.e., macrophages, this size range is consid-

ered to be more bioreactive and clinically relevant [26]

compared to particulate debris \10 lm, which are still

phagocytosable by macrophages, but not as clinically pre-

valent or important for articulating implants [1, 7, 14, 23–

25]. All particles used in this study had an aspect ratio of

approximately 1.5, similar to particles found in vivo [17,

23–25]. What exactly are the most bioreactive particle sizes

remains controversial; thus the size and dose in this study

were determined to be clinically relevant based on pub-

lished data from wear simulator studies of self-mating

PEEK devices [10, 11, 27, 28]. These studies showed

[95 % of the wear particles were \5.0 lm on a number

basis, with average sizes from 0.7 to 2.8 lm ECD, and that

the wear rates varied from approximately 0.26 to 1.27 mm3/

million cycles [10, 11, 27, 28]. Prior to implantation, the

PEEK samples were packaged dry in vials to deliver

approximately 3 mg PEEK particles (epidural or intradi-

scal) and ETO sterilized. Prior to packaging, the particles

were endotoxin cleaned (PyrocleanTM) and tested to be free

of endotoxin using Kinetic Quantitative Colorimetric LAL

(QCL) testing for endotoxin analysis (\0.05 EU/ml).

Surgery

After approval by the Institutional Animal Care and Use

Committee (IACUC), 30 skeletally mature New Zealand

white rabbits (approximately, 5 kg) were assigned to three

groups: epidural, epidural control and intradiscal (Table 1).

Following normal health status determination, each animal

was sedated with subcutaneous injections of ketamine

(35 mg/kg), xylazine (5 mg/kg) and acepromazine

(0.75 mg/kg) anesthetic medications, followed by endo-

tracheal intubation and general anesthesia using 0.5–1.0 %

isoflurane.
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For Groups 1 and 2, a single midline skin incision of

approximately 5 cm in length was centered over the L6L7

operative level. The L7 spinous process and L6L7 supras-

pinous/interspinous ligament were then exposed using a

periosteal elevator and electrocautery, as necessary. The L7

spinous process and ligamentum flavum at L6L7 was

excised, permitting interlaminar exposure of the dural sac.

The membranous coverings and neural structures of the

spinal canal were then accessible (Fig. 2). For Group 1,

3.0 mg of PEEK particulate was implanted in sterile, dry

format in ten animals (Fig. 2). The remaining ten served as

operative controls (Group 2) and consisted of epidural

exposure alone and saline injection.

For Group 3, surgical exposure consisted of a 4- to 5-cm

incision beginning at the iliac crest and extending along the

palpable borders of the lumbar transverse processes. The

anterolateral aspects of the L2L3 and L4L5 vertebral bodies

and intervertebral discs were exposed leaving the L3L4 disc

intact. The annulus fibrosis and nucleus pulposus were then

perforated using an 18-gauge needle. This was followed by

implantation of 3.0 mg PEEK particulate in dry, sterile

format at the L4L5 experimental level (Fig. 3). The L2L3

intervertebral disc level was perforated using the same

surgical procedure and served as a control.

For wound closure, the muscles and fascia were

approximated using 2-0 Vicryl and the skin closed with

staples. All animals were observed and kept on antibiotics

for a period of 10 days. Particular attention was given to

the surgical site with an emphasis on wound healing and

signs of infection. All animals were carefully monitored for

signs of neurologic dysfunction, severe pain or other

adverse reactions to the surgical procedure throughout the

course of the study.

At the appropriate time interval, the animals were killed

using an overdose (150 mg/kg) of concentrated pentobarbital

solution (390 mg/ml). The spinal cord and operative disc

levels were carefully removed and prepared for routine his-

tological and immunocytochemical analyses. A total of ten

organs and lymph node structures from the animal’s reticu-

loendothelial and systemic system were harvested and placed

in 10 % neutral buffered formalin solution. These consisted of

the axillary, periaortic and mesenteric lymph nodes, liver,

lung, kidney, spleen, pancreas, heart and spinal cord.

Histology/immunohistochemistry preparation

The spinal cord and overlying tissue band was processed to

quantify the levels of local cytokines using standard

immunocytochemistry techniques. The specimens were

trimmed and excess bone fragments were removed to

produce a 2-cm2 piece of tissue. Tissues were then placed

in cassettes and covered with OCT embedding compound,

placed in cooled isopentane, sectioned with a cryostat,

fixed in anhydrous acetone for 20 s and stored at -70 �C.

The endogenous peroxides within the samples were

blocked with peroxide (H202) using a two-step method.

Using primary and secondary antibodies combined with the

avidin–biotin complex (ABC)-horseradish peroxidase

technique, macrophage intracellular and membrane-bound

TNF-a, IL-1b, and IL-6 cytokines were stained for and

included the following antibodies: anti-rabbit TNF-a, IL-

1b, and IL-6 (SantaCruz Biochem, Santa Cruz, CA).

Systemic tissue analysis

For all animals, the soft tissue organs and structures were

resected, sectioned, and prepared by a veterinarian

Fig. 1 The PEEK particulate

size number-based distribution

using low-angle laser light

scattering (LALLS) shows

[99 % of the particles \10 lm

and [95 % of particles \5 lm

(ECD). Flake-like and granular

particles can be seen in the

corresponding SEM image.

Size = equivalent spherical

diameter, based on cross-

sectional area (microns),

%PASS = the cumulative % of

particles below each size (line)

and %CHAN = the relative %

of particles within each size

range (bars)

Table 1 Summary of treatment groups

Treatment groups 3 months 6 months

Group 1—epidural PEEK particulate 1A (n = 5) 1B (n = 5)

Group 2—epidural control 2A (n = 5) 2B (n = 5)

Group 3—intradiscal PEEK and control 3A (n = 5) 3B (n = 5)
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pathologist. The specimens were fixed in a 10 % formalin

solution and subjected to routine paraffin processing and

slide preparation. Using thin-sectioning microtomy, the

paraffin-embedded sections were cut 3–5 lm thick, and

then slide mounted and stained using standard hematoxylin

and eosin (H&E). Pathological assessment for all tissues

included, but was not limited to, comments on the archi-

tecture of the tissues, presence of wear debris, osteolysis as

well as any signs of particulate debris, foreign body giant

cell/granulomas inflammatory reactions, degenerative

changes, or autolysis.

Intervertebral discs

For Group 3, the operative and control intervertebral discs

and adjacent vertebral bodies were harvested, prepared

using decalcified technique, embedded in paraffin, and

sectioned along the mid-sagittal plane. Specimens then

underwent routine H&E staining.

Quantitative immunohistochemistry (IHC)

The spinal cord and overlying tissue layer were processed

to quantitatively evaluate the levels of local cytokines

using immunohistochemical (IHC) and image processing

for TNF-a, IL-1b, and IL-6, challenged both epidurally and

intradiscally. Non-treated controls were compared with

treated animals at 3- and 6-month time points for both

epidural and intradiscal PEEK particle challenge. Due to

practical experimental limitations, intradiscal challenge

with PEEK particles was only conducted in a 6-month

group of animals (n = 10 treated segments and n = 10

non-treated distal segments). Controls for the intradiscal

challenge were at the adjacent disc in the same animal.

Quantitative IHC was performed using two different

techniques for corroborative purposes, where Method 1

measured the relative amount of staining by manually

selecting random sections along the tissue border and then

conducting image analysis, and Method 2 utilized an

automated histology image analysis of the entire section, as

described below.

IHC method 1

Quantitative IHC analysis was conducted using previously

reported quantitative IHC techniques [17]. Briefly for each

cytokine/time point/control, five slides per tissue specimen

were analyzed from five randomly selected microscope (of

the sample periphery) fields per slide resulting in 25 fields

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

cytokines (Scion Image, Scion Corporation, Frederick,

MD). The area of staining was compared to the total to

yield a percentage of stained area.

IHC method 2

Validation of the 6-month quantitative IHC results using

the above technique was performed using the BioQuant

Fig. 2 Epidural exposure

(a) and application of 3.0 mg

of PEEK particulate in dry

format (b)

Fig. 3 Annular perforation

using an 18-gauge needle

(a) followed by application of

2.0 mg of PEEK particulate in

dry format (b)
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Image Analysis System (R&M Biometrics, Nashville, TN),

where one section per specimen was analyzed using 50

consecutive fields per sample at 2009 magnification. At

this magnification and field number, the entire soft tissue

region overlying the dura and spinal cord itself was

evaluated.

Statistical analysis

All data were calculated as mean ± one standard devia-

tion. Standard two-tailed t testing was used to determine

significance (p \ 0.05) in cytokine expression (after nor-

mality was established using both Kolmogorov–Smirnov

and D’Agostino and Pearson normality testing) between

independent rabbit groups at each time point (3 and

6 months).

Results

General

There was no incidence of intraoperative or perioperative

neurologic, infectious, or vascular complications in any of

the 30 cases. All animals were characterized as having a

normal recovery throughout the 3- and 6-month postop-

erative periods. By 24 h postoperatively, all animals were

fully ambulating and demonstrating normal behavior.

Gross histopathology of the spinal cord for Group 1 was

compared to Group 2 at 3 and 6 months. Both treatments

showed normal appearance of the dura mater and vascular

structures, with limited epidural fibrosis. At the time of

scheduled necropsy, there were no gross signs of infection

in any animals. For Group 3, there was no gross evidence

of significant histopathological changes in the local

tissues.

Systemic tissue analysis

Histopathologic analysis of the systemic tissues at the 3-

and 6-month intervals indicated no significant pathologic

changes induced in either the control or PEEK experi-

mental treatments when observing tissue sections of the

axillary, periaortic and mesenteric lymph nodes, and the

liver, lung, kidney, spleen, pancreas, heart, or spinal

cord. Pathological assessment characterized all systemic

organs and organ systems as having normal tissue

architecture, without the presence of foreign body

materials, foreign body giant cell, granulomatous

inflammatory reactions, degenerative changes, or autoly-

sis. There was no evidence of PEEK particulates in the

systemic tissues analyzed.

Histomorphometric analyses: epidural and control

groups

Plain and polarized light microscopy of the histologic cross

sections from the control and experimental PEEK groups

indicated a very mild reaction at the dura mater and spinal

cord. The surgical procedure itself resulted in increased

concentrations of cytokines and macrophages; however,

the extent of epidural fibrosis was limited when compared

with the experimental group (Fig. 4). Based on plain and

polarized light microscopy, PEEK particles were visible in

10/10 (100 %) of the epidural treatments for the PEEK

groups (Fig. 5a, b). The H&E stains indicated normal

distribution of myelin and the intracellular neurofibrilla

network, and characterized both treatments as without

significant pathological changes at both the 3- and 6-month

time intervals. There was no evidence of giant cell reaction

or other significant pathological changes for either the

control or PEEK groups.

Histomorphometric analyses: intradiscal group

Plain light microscopy of the decalcified histologic sagittal

sections from the control and experimental PEEK groups

indicated a very mild reaction to the implanted material.

Based on plain and polarized light microscopy, PEEK

particles were visible in 10/10 (100 %) of the intradiscal

PEEK treatment groups at the 3- and 6-month time points

(Fig. 5c, d). The elicited histiocytic response to the PEEK

treatments was localized within the nucleus pulposus.

There was evidence of particulate dissemination into the

adjacent interstitial spaces, bone matrix, and bone marrow

with no adverse cellular response. The H&E stains indi-

cated normal morphology of the nucleus pulposus and

annulus fibrosis, and characterized both the control

and PEEK treatments as without significant pathologi-

cal changes at both the 3- and 6-month time intervals

(Figs. 6, 7).

Quantitative immunocytochemical analyses

Epidural particle challenge

Analysis of epidural challenge with PEEK particles using

quantitative IHC analysis (Method 1) of epidural tissue

resulted in a significant increase (p \ 0.007) of TNF-a and

IL-1b at both 3 and 6 months over that of controls (Fig. 8).

This was an approximately 30 % increase in particle-

challenged animals over controls for IL-1b and TNF-a at

3 months in the epidurally particle-challenged group. At

6 months, there continued to be a significant increase

(p \ 0.001) in PEEK-challenged epidural fibrosis tissues

2744 Eur Spine J (2013) 22:2740–2751
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compared to surgical controls. At the 6-month time point,

IL-6 in addition to IL-1b and TNF-a was significantly

elevated. Analysis of 6-month epidurally challenged

specimens using the additional method of quantitative IHC

(Method 2), demonstrated increases in cytokines (IL-1b,

IL-6, and TNF-a), but these were non-significant (p [ 0.1).

This lack of statistical significance at 6 months was due in

part to the high background staining associated with the

surgical controls and the high variability within each

sample set as represented by the high standard deviations.

Fig. 4 Plain light microscopy

demonstrating spinal cord

histologic cross sections from

representative 3- and 6- month

epidural (a, b), 3- and 6-month

intradiscal (c, d), and

representative 3- and 6-month

epidural control (e, f) and

intradiscal control (g, h). No

significant pathological changes

are observed in either case

(H&E stain)

Eur Spine J (2013) 22:2740–2751 2745

123



Intradiscal challenge

Intradiscal challenge with 2.0 mg of PEEK particles

resulted in a significant increase in IL-1b, IL-6, and TNF-a
at 6 months post-challenge (p \ 0.03, Fig. 8) using quan-

titative IHC (Method 1). However, there were only mod-

erate increases in the relative amount of these cytokines

when compared with surgical controls (10–20 %). When

comparing the relative increase in treated to associated

untreated control tissues, there was a greater inflammatory

effect of PEEK particles when placed in epidural tissues

compared to intradiscal challenge (i.e., there was a

50–100 % increase in normalized cytokine expression in

epidural tissues compared to approximately 20 % increases

intradiscally; Fig. 8).

Discussion

The current study sought to elucidate the histopathological

effects and assess the local and systematic histological

response of PEEK particulate implanted within the epi-

dural and intervertebral disc space using an in vivo rabbit

model. Our results support the hypothesis that clinically

relevant amounts and sizes of PEEK implant debris from

spinal arthroplasty devices would be more reactive when

Fig. 5 PEEK particles were

visible in 10/10 (100 %) of the

epidural (a, b) and intradiscal

(c, d) PEEK treatment groups as

verified by plain (left) and

polarized (right) light

microscopy
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placed epidurally versus intradiscally. We found that these

results also corroborate with the findings by previous

investigators that PEEK does not elicit an aggressive

immune response [14, 22]. The direct epidural and intra-

discal application of PEEK particulate wear debris was

shown to elicit a mild histiocytic reaction localized

primarily within the epidural fibrous layers, which was

most pronounced at the 3-month time interval based on

qualitative histological review. By 6 months post-opera-

tively, the histiocytic and cytokine response had markedly

decreased compared to the 3-month time period. Overall,

the results indicated that there was no evidence of an acute

Fig. 6 Plain light microscopic

image of histologic sagittal

sections from representative

3- (a) and 6-month (b) operative

control and experimental

(c, d) intradiscal groups. No

significant pathological changes

were observed (posterior, top;

anterior, bottom) (H&E stain)

Fig. 7 Light microscopy views

of the local intervertebral disc of

specimens in Fig. 6

demonstrated unremarkable

cartilaginous endplate changes

in the 3- (a) and 6-month

(b) postoperative control

treatments and the 3- and

6-month experimental groups

(c, d). PEEK particulate is

evident by the dark staining in

images c and d (H&E stain)
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neuropathic or systemic histopathologic response to PEEK

particulate. The quantitative IHC performed in this study

demonstrated that there were significant increases in the

innate immune response associated with cytokines (IL-1b,

IL-6 and TNF-a) at both 3 and 6 months post-challenge.

These increases are consistent with macrophage recruit-

ment and activation to non-chemically reactive particulate

challenge, in general.

This is the first study of inflammatory effects induced by

clinically relevant sizes and doses of implantable grade

PEEK particulate in the peri-spine region. A dose of 3 mg

in a 5-kg rabbit translates roughly to 42 mg in a 70-kg

human. However, it is not known to what degree this type

of scaling is appropriate for scaling local tissue-relative

local tissue responses. Additionally, it is the first study of

intradiscal administration of implant debris of any kind,

and the first to compare subsequent epidural versus intra-

discal inflammation. Our results are consistent with past

investigations (Table 2) of the neuropathic peri-spinal

effects of PEEK particles [22] and those of metal implant

debris such as magnesium particles [29], titanium, and

nitinol particles [30]. A similar study involving lumbar

epidural challenged with 2.5–10 mg of cobalt alloy parti-

cles (average size 0.2 lm ECD, range 1–3.27 lm) dem-

onstrated dose-dependent increases in cytokines (IL-6,

TNF-a, p \ 0.05) using quantitative immunohistochemis-

try at 12 and 24 weeks, but there was no gross toxicity or

local inflammation evident on macroscopic observation in

any CoCr-dosed animals [17]. The current study agrees

with these past in vivo investigations of spinal implant

particles in that clinically relevant PEEK particles have

been shown to also elicit mild chronic peri-spine inflam-

matory reactions. This is of concern to long-term implant

function, because continued mild long-term inflammation

can lead to osteolysis and loosening [31].

The relative increase in inflammatory cytokines at

6 months compared to 3 months indicated the non-biode-

gradable nature of the PEEK polymeric challenge and

persistence of response after 3 months in situ. The amount

of inflammation was evaluated relative to surgical controls

(with no particle challenge). The actual amount of %

cytokine staining did not increase from 3 to 6 months, but

remained relatively consistent at approximately 40 %.

However, as expected the surgery only demonstrated a

reduction in inflammation over time in controls from

approximately 30 % at 3 months to 20 % at 6 months.

Thus, the appearance of relative increases over 3 to

6 months are attributable to decreased inflammation over

time of epidural and intradiscal sham particle challenge.

This observed decrease supports the use of quantitative

IHC to measure in vivo innate immune inflammation in

response to particle challenge over time.

It is important to note that the percentages of the areas

reported in Figs. 5, 6 and 7 do not represent the actual

amounts (i.e., pg/mL) of cytokines, but reflect a relative

measure of expression compared to control samples. Thus

these cytokine results imply mild inflammation, but do not

rule out the possibility of acute inflammation after

6 months. Whether there is acute inflammation or systemic

ramifications is beyond the scope of this investigation.

Important limitations of the current study include the

following. In the clinical setting, wear debris is generated

continuously rather than as a single bolus of material.

Some osteolysis models for total joints have used a con-

tinuous infusion of particulate to further gain insight into

aseptic loosening and periprosthetic osteolysis [32]. How-

ever, it is unknown what amount of particulate injected on

a consistent basis would represent the clinical situation for

disc arthroplasty applications. Additional limitations

involve needle puncture that is often used to induce disc

Fig. 8 Epidural and intradiscal challenge with PEEK particles

evaluated using quantitative IHC analysis (Method 1). Epidural

challenge resulted in a significant increase of TNF-a and IL-1 at both

3 and 6 months and IL-6 at 6 months over that of controls. Intradiscal

challenge with PEEK particles resulted in a significant increase in

IL-1, IL-6, and TNF-a at 6 months post-challenge

2748 Eur Spine J (2013) 22:2740–2751
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degeneration in rabbit models [33]. This was partially

accounted for by the use of sham-injected relative controls.

In addition, the generalized staining of the tissues where

surgical control samples demonstrated a high background

level of inflammation using quantitative IHC may have

resulted in the non-significant increases observed in the

cytokines studied utilizing Method 2 as compared to

Method 1.

The clinical relevance of implant-generated wear debris

in the spine remains poorly understood. As a consequence

of device wear in the lumbar spine, common inflammatory

mediators, such as IL-1b, IL-6 and TNF-a, have been

observed after total disc replacement [34–36]. We found

that clinically relevant amounts and sizes of PEEK implant

debris are more reactive when placed epidurally versus

intradiscally, resulting in significant increases in these

common inflammatory mediators. However, overall the

results of this study are similar to past investigations where

PEEK has not been shown to elicit an aggressive immune

response when applied to the epidural tissues, where

macroscopic and semi-quantitative histologic analyses

showed normal vascularization, and an absence of necrosis

or swelling. The degree to which these results will translate

to the clinical environment remains to be established, but

the pattern of subtle elevations in inflammatory cytokines

indicated both a mild persistence of responses to PEEK

debris and that intradiscal implant debris will likely result

in less inflammation than epidural implant debris.

Table 2 Comparison of different particulate implant materials with PEEK particles tested in the current investigation

Particle type Challenge

location

Average particle

size mn (lm)

(range)

Dose Time in situ Reaction Ref

PEEK Epidural 1.2 lm (0.5–70) 3 mg 3 and 6 months No systemic toxicity or organ

pathology. Elevated IL-6 and

TNF-a in peri-challenge tissue at

3 and 6 months

Current

study

PEEK Intradiscal 1.2 lm (0.5–70) 3 mg 3 and 6 months No systemic toxicity or organ

pathology. Elevated IL-6 and

TNF-a in peri-challenge tissue at

6 months

Current

study

UHMWPE Epidural 1.2 lm (0.5–10) 4 mg 3 and 6 months No systemic toxicity or organ

pathology. Elevated IL-6 in peri-

challenge tissue at 3 months (not

at 6 months)

36

Stainless steel

(316L)

Epidural 0.1 lm (0.1–10) 4 mg 3 and 6 months No systemic toxicity or organ

pathology. Elevated IL-6 in peri-

challenge tissue at 3 months (not

at 6 months)

36

Titanium Epidural 0.2 lm (0.1–10) 4 mg 3 and 6 months No systemic toxicity or organ

pathology. Elevated IL-6 in peri-

challenge tissue at 3 months (not

at 6 months)

36

Nitinol

(Ti35 %Ni)

Epidural 100–300 lm

(100–300)

12 mg 1, 4, 12, 26, and

52 weeks

No systemic toxicity or organ

pathology. Moderate

inflammation at 1–4 weeks

progressing to mild inflammation

by 52 weeks (histological

evaluation of lymphocytes,

plasma cells, macrophages and

giant cells)

30

Nickel Epidural 0.6 lm (0.3–19) 20 mg 3 Days Severe toxicity: neuropathy 17

Cobalt alloy Epidural 0.2 lm (0.1–3.3) 2.5–10 mg 3 and 6 months No systemic toxicity or organ

pathology. Elevated IL-6 and

TNF-a in peri-challenge tissue at

3 and 6 months for [5 mg of

particle challenge

17

Cobalt alloy Epidural 0.1 lm (0.1–10) 4 mg 3 and 6 months No systemic toxicity or organ

pathology. No elevation ins local

tissue cytokine levels (IL-6,

TNF-a, IL-1b, and IL-8)

36
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