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Abstract

Background Early adverse tissue reactions around metal-

on-metal (MoM) hip replacements, especially pseudotu-

mors, are a major concern. Because the causes and

pathomechanisms of these pseudotumors remain largely

unknown, clinical monitoring of patients with MoM bear-

ings is challenging.

Questions/purposes The purpose of this study was to

compare the lymphocyte subpopulations in peripheral

blood from patients with a failed MoM hip implant with

and without a pseudotumor and patients with a well-func-

tioning MoM hip implant without a pseudotumor. Potential

differences in the systemic immune response are expected

to reflect local differences in the periprosthetic tissues.

Methods Consenting patients who underwent a revision

of a failed MoM hip implant at The Ottawa Hospital (TOH)

from 2011 to 2014, or presented with a well-functioning

MoM hip implant for a postoperative clinical followup at

TOH from 2012 to 2013, were recruited for this study,

unless they met any of the exclusion criteria (includ-

ing diagnosed conditions that can affect peripheral blood

lymphocyte subpopulations). Patients with a failed implant

were divided into two groups: those with a pseudotumor

(two hip resurfacings and five total hip arthroplasties

[THAs]) and those without a pseudotumor (10 hip resur-

facings and two THAs). Patients with a well-functioning

MoM hip implant (nine resurfacings and three THAs) at 5

or more years postimplantation and who did not have a

pseudotumor as demonstrated sonographically served as

the control group. Peripheral blood subpopulations of T

cells (specifically T helper [Th] and cytotoxic T [Tc]), B

cells, natural killer (NK) cells, memory T and B cells as

well as type 1 (expressing interferon-c) and type 2 (ex-

pressing interleukin-4) Th and Tc cells were analyzed by
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flow cytometry after immunostaining. Serum concentra-

tions of cobalt and chromium were measured by

inductively coupled plasma-mass spectrometry.

Results Themean percentages of total memory T cells and,

specifically, memory Th and memory Tc cells were lower in

patients with a failed MoM hip implant with a pseudotumor

than in both patients with a failed implant without a pseu-

dotumor and patients with a well-functioning implant

without a pseudotumor (memory Th cells: 29%

± 5% [means ± SD] versus 55% ± 17%, d = 1.8, 95%

confidence interval [CI] [1.2, 2.5] and versus 48%± 14%, d

= 1.6, 95%CI [1.0, 2.2], respectively; memory Tc cells: 18%

± 5% versus 45% ± 14%, d = 2.3, 95% CI [1.5, 3.1] and

versus 41%± 12%, d = 2.3, 95%CI [1.5, 3.1], respectively; p

\ 0.001 in all cases). The mean percentage of memory B

cells was also lower in patients with a failed MoM hip

implant with a pseudotumor than in patients with a well-

functioning implant without a pseudotumor (12% ± 8%

versus 29%± 16%, d = 1.3, 95%CI [0.7, 1.8], p = 0.025). In

addition, patients with a failed MoM hip implant with a

pseudotumor had overall lower percentages of type 1 Th

cells than both patients with a failed implant without a

pseudotumor and patients with a well-functioning implant

without a pseudotumor (5.5% [4.9%–5.8%] [median with

interquartile range] versus 8.7% [6.5%–10.2%], d = 1.4, 95%

CI [0.8, 2.0] and versus 9.6% [6.4%–11.1%], d = 1.6, 95%CI

[1.0, 2.2], respectively; p B 0.010 in both cases). Finally,

serum cobalt concentrations in patients with a failed MoM

hip implant with a pseudotumor were overall higher than

those in patients with a well-functioning implant without a

pseudotumor (5.8 lg/L [2.9–17.0 lg/L] versus 0.9 lg/L
[0.6–1.3 lg/L], d = 2.2, 95% CI [1.4, 2.9], p\0.001).

Conclusions Overall, results suggest the presence of a

type IV hypersensitivity reaction, with a predominance of

type 1 Th cells, in patients with a failed MoM hip implant

with a pseudotumor.

Clinical Relevance The lower percentages of memory T

cells (specifically Th and Tc) as well as type 1 Th cells in

peripheral blood of patients with a failed MoM hip implant

with a pseudotumor could potentially become diagnostic

biomarkers for the detection of pseudotumors. Although

implant design (hip resurfacing or THA) did not seem to

affect the results, as suggested by the scatter of the data

with respect to this parameter, future studies with addi-

tional patients could include the analysis of implant design

in addition to correlations with histological analyses of

specific Th subsets in periprosthetic tissues.

Introduction

Since the mid-1980s, over one million metal-on-metal

(MoM) hip implants have been implanted worldwide [24].

However, an increasing number of studies are reporting

adverse tissue reactions to metal products (wear particles

and ions), which can compromise clinical results and sur-

vivorship of these implants. These adverse tissue reactions

include pseudotumors, defined as soft or cystic masses,

often associated with pain and soft tissue destruction and

frequently leading to revision surgery. Because of bone and

soft tissue destruction, these revision procedures are often

associated with a high risk of reoperation [1, 11]. In

addition, several research groups have reported the pres-

ence of pseudotumors in as many as 61% of asymptomatic

patients [2, 18, 25, 39].

Various risk factors have been identified for the for-

mation of pseudotumors, including: gender, implant

design, and head size as well as abnormal acetabular

component positioning usually associated with higher

wear, which, in turn, has been associated with pseudotu-

mors [23]. However, pseudotumors have also been

observed in the presence of low wear and a hypersensitivity

reaction [3]. Therefore, wear alone may not explain pseu-

dotumors around MoM hip implants [5]. Pseudotumor

histology includes features consistent with a nonspecific

inflammatory reaction to metal wear such as macrophages

and particles, but also features consistent with a specific

metal hypersensitivity reaction such as lymphocyte aggre-

gates [3, 10]. Although the pathomechanisms of

pseudotumors remain largely unknown, the presence of

lymphocyte aggregates suggests the involvement of the

adaptive immune response and a hypersensitivity reaction.

Diagnostic methods of hypersensitivity reactions include

dermal patch testing, peripheral blood lymphocyte migra-

tion inhibition assays, lymphocyte transformation tests, and

enzyme-linked immunosorbent assays (ELISA) for migra-

tion inhibitory factor [13, 15]. However, all of these

techniques present limitations, and there is currently no

standardized testing method for the characterization of

hypersensitivity to metallic joint replacement components.

Blood levels of cobalt (Co) and chromium (Cr) ions

have been used as a monitoring tool because of their

reported correlation with the risk of adverse tissue reac-

tions [25]. However, the reliability of metal ion levels for

clinical prognostic remains questionable [17] with no clear

cutoff values [19] and interlaboratory variability in mea-

surements [21]. In addition, not all patients with high metal

ion levels and high wear develop an adverse tissue reaction

[4, 6, 10]. Radiological investigation using sonography is

currently recommended to confirm a pseudotumor diag-

nosis [8]. Unfortunately, imaging does not allow the

differentiation between aggressive and benign lesions, and

how to assess the severity and the progression of these

lesions remains elusive. Therefore, identifying patients at

risk of developing aggressive pseudotumors represents a

major area of interest.

3904 Catelas et al. Clinical Orthopaedics and Related Research1

123



The purpose of this study was to compare the lympho-

cyte subpopulations in peripheral blood from three groups

of patients with MoM hip implants: patients with a failed

implant with and without a pseudotumor and patients with

a well-functioning implant without a pseudotumor. Com-

parisons will reveal potential differences in the systemic

immune response that are expected to reflect local differ-

ences in the periprosthetic tissues. The main functions of

the lymphocytes analyzed in the present study are sum-

marized (Table 1). Because metal implant-related

hypersensitivity reactions were reported to be T cell-me-

diated (type IV) hypersensitivity reactions [9], a local

increase in memory T cells would be expected if a type IV

hypersensitivity reaction is prevalent in patients with a

failed MoM hip implant with a pseudotumor. Furthermore,

because type 1 T helper (Th1) cells (ie, Th cells expressing

interferon-gamma [IFN-c]) are involved in type IV

hypersensitivity reactions, a local increase in Th cells

expressing IFN-c would also be expected.

Materials and Methods

Patient Groups

This study was approved by the Ottawa Health Science

Network Research Ethics Board and written informed

consent was obtained from all participants. The study

exclusion criteria included active infection, previous revi-

sion of the hip implant, fracture, patient-requested removal

of a well-functioning implant, bilateral hip implants (well-

functioning group only), and diagnosed conditions that can

affect peripheral blood lymphocyte subpopulations

(rheumatoid arthritis, HIV infection, lupus, pregnancy, and

thrombocytosis). All consenting patients who underwent a

revision of a failed MoM hip implant at The Ottawa

Hospital (TOH) from 2011 to 2014, or presented with a

well-functioning MoM hip implant for a postoperative

clinical followup at TOH from 2012 to 2013, were

recruited for this study (Table 2) unless they met any of the

exclusion criteria.

A total of 14 patients with a failed hip resurfacing and

eight patients with a failed MoM THA were recruited. Only

those for whom a complete data set was available were

retained for the analysis (12 with a hip resurfacing and

seven with a THA, representing 86% and 88% of the

recruited patients with a failed hip resurfacing and THA,

respectively). Patients with a failed MoM hip implant were

divided into two groups: those with a pseudotumor (two

hip resurfacings and five THAs) and those without a

pseudotumor (10 hip resurfacings and two THAs). Pseu-

dotumors were diagnosed or confirmed intraoperatively

with the observation of a destructive solid or cystic mass in

close proximity to the implant.

Patients with a well-functioning MoM hip implant (nine

resurfacings and three THAs) at 5 or more years postim-

plantation who did not have a pseudotumor, as

demonstrated sonographically [8], served as the control

group. All ultrasounds were performed by a fellowship-

trained musculoskeletal radiologist (RF). Patients with a

well-functioning implant were assessed at the latest post-

operative clinical followup (6 ± 1 years [mean ± SD];

range, 5–8 years) with the WOMAC and the UCLA

activity scores. WOMAC scores were 100 (94–100) (me-

dian with interquartile range), 88 (75–88), 98 (95–100),

and 94 (92–97) for pain, stiffness, function, and total score,

Table 1. Summary of the main functions of the lymphocytes analyzed in the present study

Lymphocytes Main functions

T cells Th cells

Include:

Th1 (type 1)

Th2 (type 2)

Coordinate the specific immune response

Th1 cells: critical in the effector mechanisms of the cell-mediated immune

response (cytokines produced by Th1 cells include IFN-c)

Th2 cells: mediate activation and maintenance of the antibody-mediated immune

response (i.e., B cell proliferation and antibody production) (cytokines

produced by Th2 cells include IL-4)

Tc cells

Include:

Tc1 (type 1)

Tc2 (type 2)

Kill targeted/infected cells (cytokines produced by Tc1 cells include IFN-c and

cytokines produced by Tc2 cells include IL-4)

B cells Produce and secrete antibodies

Involved in the regulation of T cell differentiation

NK cells Similar in function to Tc cells (kill targeted/infected cells)

IFN-c = interferon-gamma; IL-4 = interleukin-4.
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respectively, and the UCLA score was 8 (6–8). Patients

with a WOMAC score lower than 75 for stiffness and lower

than 80 for pain, function, and total score, and/or a UCLA

score lower than 6 (with 10 being the best score) were

excluded from the study.

Phenotypic Analysis of Peripheral Blood Mononuclear

Cells

Peripheral blood was collected, by venipuncture of the

median cubital vein, into two 6-mL trace elements Na-

heparin evacuated polyethylene terephthalate tubes (Grei-

ner Bio-One, Frickenhausen, Germany). The blood was

mixed immediately by gently inverting the tubes eight

times. Mononuclear cells were isolated, under aseptic

conditions, by neutral density gradient using Ficoll1-Paque

PLUS (GE Healthcare Life Sciences, Piscataway, NJ,

USA). The cells were washed twice in Roswell Park

Memorial Institute (RPMI)-1640 medium (Wisent, St-

Bruno, QC, Canada) and resuspended to a concentration of

approximately 1.0 x 106 lymphocytes/mL in RPMI-1640

supplemented with heat-inactivated fetal bovine serum

(HI-FBS; premium-grade; Wisent) to a final concentration

of 10% (v/v). Cells were counted using an improved

Neubauer hemocytometer (Hausser Scientific, Horsham,

PA, USA).

For extracellular immunostaining, the freshly isolated

mononuclear cells were resuspended in cold (4 �C) stain-
ing buffer (phosphate-buffered saline [PBS] without Ca+

and Mg2+ [Wisent] containing 2% [v/v] HI-FBS and

0.01% [w/v] NaN3). Aliquots (100 lL) of the cell sus-

pension, at a final nominal concentration of 1 x 106

lymphocytes/mL, were incubated 10 minutes in the dark

with selected combinations of the following fluorescently

labeled monoclonal antibodies to detect specific cell sur-

face markers: phycoerythrin-Texas red-X (ECD)-labeled

mouse antihuman CD3 (0.65 lg/mL; clone UCHT1; BD

Biosciences, San Jose, CA, USA) for T cells; phycoery-

thrin-cyanine 5 (PC5)-labeled mouse antihuman CD4 (0.65

Table 2. Patient demographic and implant information

Parameter Failed implants

with a pseudotumor

Failed implants

without a

pseudotumor

Well-functioning

implants without a

pseudotumor

(n = 7) (n = 12) (n = 12)

Gender (males, females) 1, 6 3, 9 10, 2

Age at time of implantation (years)* 59 ± 9 (46–73) 50 ± 8 (38–69) 54 ± 11 (41–77)

Implant model

CONSERVE1 Plus Hip Resurfacing (MicroPort,

Memphis, TN, USA)

2 10 9

CONSERVE1 Plus Shell/PROFEMUR1 C, Z or

TL (MicroPort) (total hip with monoblock

acetabular component)

4 1 3

DuRom1 Shell/Femoral Fiber Stem (Zimmer,

Warsaw, IN, USA) (total hip with monoblock

acetabular component)

1 0 0

DYNASTY1 Shell/ PROFEMUR1 TL,

(MicroPort) (total hip with a modular acetabular

component and a metal insert liner)

0 1 0

Implant head size (mm) 46–50 42–54 42–54

Cup abduction (degrees)* 44 ± 10 (30–57) 45 ± 9 (30–62) 42 ± 5 (36–52)

Implantation period at time of analysis (years)* 4.3 ± 1.7 (2.2–6.9) 4.1 ± 1.9 (1.1–7.4) 6.2 ± 0.9 (5.2–8.2)

Indication for implant revision

Pseudotumor (with pain, loose acetabular

component, or swelling)

7 0 N/A

Pain 0 4 N/A

Aseptic cup loosening 0 4 N/A

Aseptic femoral loosening 0 1 N/A

Fibrosis ingrown cup 0 2 N/A

Metallosis 0 1 N/A

Bilateral hip implant 2 5 0

*Data presented as mean ± SD with range in parentheses; N/A = Not applicable.
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lg/mL; clone 13B8.2; Beckman Coulter, Indianapolis, IN,

USA) for Th cells; phycoerythrin-cyanine 7 (PC7)-labeled

mouse antihuman CD8 (2.5 lg/mL; clone SFCI21Thy2D3;

Beckman Coulter) for cytotoxic T (Tc) cells; fluorescein

isothiocyanate (FITC)-labeled mouse antihuman CD19 (10

lg/mL; clone HIB19; eBioscience, San Diego, CA, USA)

for B cells; PE-labeled mouse antihuman CD56 (0.30 lg/
mL; clone CMSSB; Beckman Coulter) for natural killer

(NK) cells; FITC-labeled mouse antihuman CD45RO (2.5

lg/mL; clone UCHL1; eBioscience) for memory T cells;

and of phycoerythrin (PE)-labeled mouse antihuman CD27

(0.65 lg/mL; clone 1A4CD27; Beckman Coulter) for

memory B cells. The immunostained cells were diluted to

500 lL with staining buffer, transferred into 5-mL poly-

styrene tubes (Greiner Bio-One), and analyzed

immediately by flow cytometry using a Cytomics FC 500

Series flow cytometer (Beckman Coulter).

For intracellular immunostaining, aliquots of freshly

isolated mononuclear cells were incubated in a tissue cul-

ture-treated 24-well polystyrene plate (Greiner Bio-One) for

5.5 hours at 37 �C in a humidified atmosphere of 95% air and

5% CO2. Triplicate wells each contained 1 mL of cell sus-

pension (1 9 106 lymphocytes) in RPMI-1640 medium

containing 10% (v/v) HI-FBS in the presence of phorbol-12-

myristate-13-acetate (15 ng/mL; PMA; EMD Millipore,

Billerica, MA, USA), ionomycin from Steptomyces con-

globatus (1 lM; EMD Millipore), and the protein-transport

inhibitor brefeldin A (1:1000 dilution of Golgy PlugTM; BD

Biociences). Wells for controls contained cell suspension

only, cell suspension with the protein-transport inhibitor

only, and cell suspension with PMA only. After incubation,

the nonadherent cells were collected and immunostained for

CD3 and CD4. After washing with staining buffer, the cells

were incubated in a 4% (v/v) paraformaldehyde fixation

buffer (IC Fixation Buffer; eBioscience) for 15 minutes in

the dark at room temperature, washed again, and incubated

in 100 lL of a saponin-based permeabilization buffer (19

concentration; eBioscience) for 5 minutes in the dark at

room temperature. The cells were then incubated an addi-

tional 15 minutes in the dark with the following

fluorescently labeled monoclonal antibodies: PC7-labeled

mouse antihuman IFN-c (10 lg/mL; clone 4S.B3; eBio-

science) for type 1 cells and PE-labeled mouse antihuman

interleukin-4 (IL-4) (1.25 lg/mL; clone 8D4-8; eBio-

science) for type 2 cells. Finally, the immunostained cells

were washed with staining buffer, resuspended in 500 lL of

phosphate-buffered paraformaldehyde (100 mM NaH2PO4,

100 mM Na2HPO4, 4% [w/v] paraformaldehyde, pH 7.2),

and analyzed immediately by flow cytometry, as described

previously in this article. All flow cytometry data were

analyzed using CXP Analysis software Version 2.2 (Beck-

man Coulter, Brea, CA, USA). Results are expressed as

percentages, as detailed in the individual figure legends.

Trace Metal Analysis of Serum

Peripheral blood was collected, as described previously in this

article, into a 6-mL trace elements evacuated polyethylene

terephthalate tube with a clot activator (BD Diagnostics,

Franklin, NJ, USA). The blood was mixed immediately by

gently inverting the tubes five times, allowed to clot 30minutes

at room temperature, and centrifuged 10minutes at 16009 g at

4 �C. The serum was transferred into an 8-mL polypropylene

screw-cap tube (Sarstedt, Montreal, QC, Canada) using a

polyethylene plastic transfer pipette (VWR Mississauga, ON,

Canada) and frozen/stored at �20 �C. Concentrations of Co
and Cr were measured by inductively coupled plasma-mass

spectrometry (London Laboratory Services Group, London

Health Sciences Centre, London,ON,Canada). Corrections for

Co and Cr contamination originating from the container and

transfer pipette were not required.

Statistical Analysis

Statistical analysis was implemented in R-3.1.0 [33]. The

Shapiro-Wilk andBartlett tests were used to assess if the data

conformed to the assumptions of normality and homogeneity

of variance, respectively. Assessment of normality was

confirmed using Q-Q (quantile-quantile) plots. When data

distributions were normal and variance was homogenous

between groups, statistical analysis was performed using the

analysis of variance (ANOVA) and Tukey-Kramer post hoc

tests. When data distributions were normal but variance was

inhomogeneous between groups, statistical analysis was

performed using the Welch ANOVA and Games Howell

tests. When data distributions were not normal, statistical

analysis was performed using the Kruskal-Wallis and two-

sided exact Mann-Whitney U-tests. A p value\ 0.05 was

considered significant. Data are presented as mean ± SD

(parametric data) or median with interquartile range (non-

parametric data). Cohen’s d effect sizes (ES) for parametric

data, adjusted Cohen’s d ES for nonparametric data [7, 20]

and confidence intervals (CIs) for Cohen’s d and adjusted

Cohen’s d [20, 31] are also presented.

Results

Phenotypic Analysis of Peripheral Blood Mononuclear

Cells

No significant differences were observed among the

experimental groups for T, B, and NK cells (CD3+,

CD19+, and CD56+, respectively) nor for the ratios of Th/

Tc (CD3+ CD4+/ CD3+CD8+) cell percentages (p = 0.391,

0.507, 0.303, and 0.178, respectively) (Fig. 1A–D).
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In contrast, a difference was observed among the exper-

imental groups for total memory T (CD3+CD45RO+),

memory Th (CD3+CD4+CD45RO+), and memory Tc

(CD3+CD8+CD45RO+) cells (p\0.001 in all cases). The

mean percentages of total memory T cells and, specifically,

memory Th cells andmemory Tc cells were lower in patients

with a failed MoM hip implant with a pseudotumor than in

both patients with a failed implant without a pseudotumor

and patients with a well-functioning implant without a

pseudotumor (total memory T cells: 26%± 4% versus 48%

± 10%, d = 2.7, 95% CI [1.8, 3.6] and versus 44%± 12%, d

= 1.8, 95%CI [1.1, 2.4], respectively; memory Th cells: 29%

± 5% versus 55% ± 17%, d = 1.8, 95% CI [1.2, 2.5] and

versus 48%± 14%, d = 1.6, 95% CI [1.0, 2.2], respectively;

memory Tc cells: 18% ± 5% versus 45% ± 14%, d = 2.3,

95% CI [1.5, 3.1] and versus 41% ± 12%, d = 2.3, 95% CI

[1.5, 3.1], respectively; p\0.001 in all cases) (Fig. 2A–C).

A difference was also observed among the three experi-

mental groups for memory B (CD19+CD27+) cells (p =

0.032). Specifically, the mean percentage of memory B cells

was lower in patients with a failed MoM hip implant with a

pseudotumor than in patients with a well-functioning

implant without a pseudotumor (12% ± 8% versus 29% ±

16%, d = 1.3, 95% CI [0.7, 1.8], p = 0.025) (Fig. 2D). There

was, however, no significant difference in the mean per-

centages of memory B cells between patients with a failed

MoM hip implant with and without a pseudotumor (12% ±

8%versus 22%± 12%, d = 1.0, 95%CI [0.5, 1.5], p = 0.208).

The analysis of intracellular cytokine expression

revealed a difference among the three experimental groups

for total T cells expressing IFN-c (p = 0.009). Specifically,

patients with a failed MoM hip implant with a pseudotumor

Fig. 1A–D This figure presents the subpopulations of peripheral

blood lymphocytes. Data are presented as: (A) percentages of cells in
the forward scatter/side scatter (FS/SS) lymphocyte gate that are

CD3+ (T cells); (B) percentages of cells in the FS/SS lymphocyte gate

that are CD19+ (B cells); (C) percentages of cells in the FS/SS

lymphocyte gate that are CD56+ (NK cells); and (D) ratios of

CD3+CD4+ (Th)/CD3+CD8+ (Tc) percentages. Vertical scatterplots

show medians with interquartile ranges (A, C, D) and means ± SD

(B). Circles (d) and squares (j) represent data from patients with a

hip resurfacing and a THA, respectively. Lines with p values connect

groups with significant differences. P = patients with a failed implant

with a pseudotumor; NP = patients with a failed implant without a

pseudotumor; W-F = patients with a well-functioning implant. Cells

were analyzed by flow cytometry after immunostaining.
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had overall lower percentages than both patients with a

failed implant without a pseudotumor and patients with a

well-functioning implant without a pseudotumor (7% [6%–

9%] versus 15% [12%–21%], d = 1.5, 95% CI [0.9, 2.1]

and versus 14% [12%–22%], d = 1.8, 95% CI [1.1, 2.4],

respectively; p \ 0.008 in both cases) (Fig. 3A). For Th

cells expressing IFN-c (type 1 Th cells), a difference was

observed among the three experimental groups (p = 0.014).

Specifically, patients with a failed MoM hip implant with a

pseudotumor had overall lower percentages than both

patients with a failed implant without a pseudotumor and

patients with a well-functioning implant without a pseu-

dotumor (5.5% [4.9%–5.8%] versus 8.7% [6.5%–10.2%], d

= 1.4, 95% CI [0.8, 2.0] and versus 9.6% [6.4%–11.1%], d

= 1.6, 95% CI [1.0, 2.2], respectively; p B 0.010 in both

cases) (Fig. 3B). There was no significant difference

among the three experimental groups for CD3+CD4– cells

expressing IFN-c (considered to be primarily Tc cells

expressing IFN-c, ie, type 1 Tc cells) probably because of

the large spread of the data and overlap between the three

groups (p = 0.124) (Fig. 3C).

Finally, there was no significant difference among the

three experimental groups for total T cells expressing IL-4

(p = 0.269). Also, the percentages of both CD3+CD4+ and

CD3+CD4– cells expressing IL-4 (Th2 and Tc2, respec-

tively) remained low, and the three groups were not

significantly different (data not shown).

Trace Metal Analysis of Serum

A difference was observed among the three experimental

groups for serum Co concentrations (p = 0.004). Specifi-

cally, patients with a failed MoM hip implant with a

Fig. 2A–D This figure presents the subpopulations of peripheral blood

memory lymphocytes. Data are presented as percentages of: (A) T cells

(CD3+) that are CD45RO+ (memory T cells); (B) Th cells

(CD3+CD4+) that are CD45RO+ (memory Th cells); (C) Tc cells

(CD3+CD8+) that are CD45RO+ (memory Tc cells); and (D) B cells

(CD19+) that are CD27+ (memory B cells), respectively. Vertical

scatterplots show means ± SD. Circles (d) and squares (j) represent

data from patients with a hip resurfacing and aTHA, respectively. Lines

with p values connect groups with significant differences. P = patients

with a failed implant with a pseudotumor; NP = patients with a failed

implant without a pseudotumor;W-F = patients with a well-functioning

implant. Cells were analyzed by flow cytometry after immunostaining.
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pseudotumor had overall higher serum Co concentrations

than patients with a well-functioning implant without a

pseudotumor (5.8 lg/L [2.9–17.0 lg/L] versus 0.9 lg/L
[0.6–1.3 lg/L], d = 2.2, 95% CI [1.4, 2.9], p \ 0.001)

(Fig. 4A). There was, however, no significant difference in

serum Co concentrations between patients with a failed

MoM hip implant with and without a pseudotumor with the

available number of patients (5.8 lg/L [2.9–17.0 lg/L]
versus 2.1 lg/L [0.8–3.6 lg/L], d = 1.0, 95% CI [0.4, 1.5]; p

= 0.057), possibly because of a patient with a high Co con-

centration (outlier) in the group of failed MoM hip implants

without a pseudotumor. There was also no significant

difference among the three experimental groups in serum Cr

concentrations (p = 0.108) (Fig. 4B). However, Co and Cr

results should be interpreted with care because of differ-

ences in the proportions of patients with bilateral hip

implants among the three experimental groups (Table 2).

Discussion

Adverse tissue reactions associated with joint replacement

surgery remain a major complication that can lead to

considerable soft tissue destruction impacting implant

Fig. 3A–C This figure presents the subpopulations of peripheral blood

type 1 T lymphocytes. Data are presented as percentages of: (A) T cells

(CD3+) that are IFN-c+ (type 1 T cells); (B) Th cells (CD3+CD4+) that
are IFN-c+ (type 1 Th cells); (C) Tc cells (ie, CD3+CD4– which are

considered to be primarily Tc cells) that are IFN-c+ (type 1 Tc cells).

Vertical scatterplots show medians with interquartile ranges. Circles

(d) and squares (j) represent data from patients with a hip resurfacing

and a THA, respectively. Lines with p values connect groups with

significant differences. P = patients with a failed implant with a

pseudotumor; NP = patients with a failed implant without a pseudo-

tumor; W-F = patients with a well-functioning implant. Cells were

analyzed by flow cytometry after immunostaining.

Fig. 4A–B This figure presents the serum Co and Cr concentrations.

(A) Co concentrations; (B) Cr concentrations. Vertical scatterplots

show medians with interquartile ranges. Circles (d) and squares (j)

represent data from patients with a hip resurfacing and a THA,

respectively. Lines with p values connect groups with significant

differences. P = patients with a failed implant with a pseudotumor;

NP = patients with a failed implant without a pseudotumor; W-F =

patients with a well-functioning implant. Concentrations of Co and Cr

were measured by inductively coupled plasma-mass spectrometry.
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function and survivorship [30, 32, 36]. Although relatively

uncommon, pseudotumors, a type of adverse tissue reac-

tion, are a concern, especially because of the high

percentages of asymptomatic lesions [2, 18, 39]. In addi-

tion, current investigative tools are limited to metal ion

measurements and diagnostic imaging, although both lack

sufficient prognostic power and provide limited insight into

the risk factors and pathomechanisms leading to these

adverse tissue reactions. The present study showed overall

lower percentages of memory T cells (specifically Th and

Tc) as well as type 1 Th cells (expressing IFN-c) in

peripheral blood of patients with a failed MoM hip implant

with a pseudotumor compared with both patients with a

failed implant without a pseudotumor and patients with a

well-functioning implant without a pseudotumor. These

results are consistent with the presence of a type IV

hypersensitivity reaction with a predominance of type 1 Th

cells in patients with a failed MoM hip implant with a

pseudotumor. Results also showed that patients with a

failed MoM hip implant with a pseudotumor had overall

lower percentages of memory B cells than patients with a

well-functioning implant without a pseudotumor. To the

best of our knowledge, this is the first study to analyze the

different lymphocyte subpopulations in peripheral blood of

patients with a failed implant with a pseudotumor, specif-

ically the different T cell subsets (Th1 and Th2), and

compare these subpopulations with those in patients with a

failed implant without a pseudotumor and patients with a

well-functioning implant.

Because the purpose of the study was to analyze

potential differences in the lymphocyte subpopulations

resulting from the presence of a pseudotumor, patients

were grouped exclusively based on the presence or absence

of this adverse tissue reaction, regardless of their implant

design (hip resurfacing or THA). Nevertheless, it is pos-

sible that the levels of Co and Cr ions were affected by the

implant design and/or the indication for implant revision.

The latter included pain, aseptic cup or femoral loosening,

fibrosis ingrowth (one case), and metallosis (one case) in

patients without a pseudotumor (Table 2). However,

because of the limited number of patients in the study

(especially in the group with a pseudotumor), patients with

a hip resurfacing and those with a THA could not be

analyzed separately. Interestingly, most patients without a

pseudotumor had a failed hip resurfacing (only two of 12

had a failed THA) and most patients with a pseudotumor

had a failed THA (two of seven had a failed hip resur-

facing). Therefore, future studies with additional patients

could include the analysis of the potential influence of

implant design and indication of revision, although the

scatter of the data with respect to implant design (identified

on each figure through the use of different symbols) sug-

gests that this parameter did not influence the results.

Interestingly, the scatter of the lymphocyte data with

respect to unilateral or bilateral implant suggests that this

parameter also did not influence the results (data not

shown). Nevertheless, increasing the number of patients

would allow further subgrouping based on other potential

confounding factors such as patient gender and age.

Interestingly, significant differences in lymphocyte sub-

populations were observed despite the relatively low

number of patients, especially in the group with failed

MoM implants with a pseudotumor, and statistical analy-

sis (p values) suggests that increasing the number of

patients is not likely to create additional differences in the

lymphocyte subpopulations.

Although previous research has characterized T

(specifically Th and Tc cells), B, and NK cell subpopula-

tions in the peripheral blood of patients with a failed hip

implant, there has been little attention to the state of lym-

phocyte differentiation (ie, naı̈ve versus memory cells) as

well as to the cytokine profile of T cells to determine the

different subsets. A study by Granchi et al. evaluating

lymphocyte subpopulations in the peripheral blood of

patients with loosened hip implants containing CoCrMo

alloy reported lymphopenia and more specifically a

reduction in CD4+ (Th) and CD8+ (Tc) cells [12]. The

authors interpreted these results as either the consequence

of a toxic effect of the wear products released from the

implant or a lymphocyte sequestration at the site of loos-

ening attributable to a cell-mediated hypersensitivity

reaction. In the present study, results showed overall lower

percentages of memory T cells (specifically Th and Tc) as

well as type 1 Th cells in patients with a failed MoM hip

implant with a pseudotumor (memory cells in the type 1 Th

cell subpopulation were not analyzed because of the lim-

ited number of channels available for cell markers on the

flow cytometer). These results, like those of Granchi et al.

[12], suggest either a toxic effect of the wear products or a

sequestration of these cells at the implant site. Absolute

cell counts in peripheral blood and histological analysis of

periprosthetic tissues would help the interpretation of these

results. However, the absence of differences in other cell

subpopulations (T, B, and NK cells) further suggests a

sequestration of the cells at the implant site rather than a

toxic effect of the wear products. A local increase in the

number of memory T cells and type 1 Th cells in the tissues

would be consistent with a type IV hypersensitivity reac-

tion. Interestingly, results of the present study also showed

overall lower percentages of memory B cells in patients

with a failed MoM hip implant with a pseudotumor than in

patients with a well-functioning implant without a pseu-

dotumor. These results may reflect the sequestration of

memory B cells, possibly in secondary lymphoid organs or

in periprosthetic tissues where lymphoid aggregates

resembling tertiary lymphoid organs have been described
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in some patients with a MoM hip implant [29]. Interest-

ingly, plasma cells have been found in periprosthetic

tissues from failed MoM hip implants with a hypersensi-

tivity reaction [38] and more specifically with a

pseudotumor [32]. Although not characteristic of a type IV

(delayed-type) hypersensitivity reaction, which is primar-

ily T-cell mediated, the presence of plasma B cells

(possibly originating from memory B cell differentiation)

in periprosthetic tissues may reflect a role of these cells in

the T cell-mediated reaction. Indeed, B cells have been

reported to be involved in the regulation of immune

responses via, for example, antigen presentation, cytokine

production and the regulation of T cell differentiation

[37]. Alternatively, the differences observed in the per-

centages of memory B cells may reflect the presence of a

more complex combination of immune responses involv-

ing both T and B cells.

Although the absence of an additional marker such as

CCR7 or CD62L (as a result of the limited number of

channels available on the flow cytometer in the present

study) did not allow the distinction of naı̈ve and effector T

cells nor did it allow the distinction between cen-

tral memory and effector memory T cells, the group

differences observed in the type 1 Th subpopulation sug-

gest that T cells had previously undergone differentiation

into the effector and effector memory phenotypes. Inter-

estingly, results showed overall higher serum Co

concentrations in patients with a failed MoM hip implant

with a pseudotumor than in patients with a well-function-

ing implant without a pseudotumor. The comparison with

patients with a failed hip implant without a pseudotumor

was not statistically significant, but this was likely attri-

butable to one patient (outlier) with a high Co

concentration in the latter group. Overall, these results

suggest a correlation between Co concentrations and the

lymphocyte subpopulations. Although not sensitizers on

their own, metal ions can form complexes with proteins

[16, 26, 28, 40] and become antigenic to elicit metal

hypersensitivity reactions. The pathomechanisms by which

metals function as antigenic determinants remain poorly

understood, but it is hypothesized that metal hapten-

specific T lymphocytes recognize hapten-modified major

histocompatibility (MHC)-peptide complexes [34]. So far,

most studies have focused on the effects of nickel (Ni) ions

on the adaptive immune response in the context of allergic

contact dermatitis, and some studies have shown that Ni-

specific T cell clones derived from peripheral blood

showed a type 1 Th cytokine secretion pattern [22, 35].

Similarly, results of the present study suggest a correlation

between a type 1 Th cell response and elevated Co ions in

patients with a failed MoM hip implant with a pseudotu-

mor, which would be consistent with a hypersensitivity

reaction to elevated Co ions in these patients (the origin of

these ions, however, remains unknown [eg, implant cor-

rosion or degradation of local wear particles]).

Surprisingly, although Kwon et al. [25] reported signifi-

cantly higher Co and Cr serum levels in patients with a

pseudotumor, there was no significant difference among

the three experimental groups for Cr concentrations in the

present study with the available number of patients. It

should, however, be noted that serum measurements may

be misleading because Cr is stored in red blood cells [27].

Furthermore, it is possible that increasing the number of

patients may lead to additional differences, especially for

Co concentrations between patients with a failed MoM hip

implant with and without a pseudotumor, as per the sta-

tistical analysis.

Histological studies of tissues surrounding failed MoM

hip implants with a pseudotumor have been reported [3, 10,

32]. For example, the study of Pandit et al. revealed

extensive necrosis of dense connective tissue, a focally

heavy macrophage and lymphocyte infiltration as well as

the presence of plasma cells and eosinophils in some cases

[32]. The observed reaction was somewhat similar to the

aseptic lymphocyte-dominated vasculitis-associated lesion

(ALVAL) reaction reported earlier by Willert et al. in tis-

sues around MoM hip implants, but differences included a

more diffuse lymphocyte infiltrate and the presence of

extensive connective tissue necrosis [38]. A study by

Campbell et al. of pseudotumor-like tissues reported low

wear and high ALVAL scores in some patients with a

suspected hypersensitivity reaction [3]. More recently,

Grammatopoulos et al. showed heavy macrophage infil-

trates and high ALVAL scores in tissues from patients with

a pseudotumor [10]. All these studies revealed the presence

of a hypersensitivity reaction, which is consistent with the

findings of the present study. Nevertheless, none of the

previous studies analyzed the specific Th subsets (Th1,

Th2), thereby limiting the understanding of the underlying

mechanisms. In an in vitro study, Hallab et al. demon-

strated that metals increased the proliferation of

lymphocytes from patients undergoing hip arthroplasty as

well as the lymphocyte production of IFN-c, indicating that
a Th1 (as opposed to Th2) type response was likely asso-

ciated with metal-induced reactivity [14]. These results are

in agreement with the results of the present study showing

overall lower percentages of circulating Th1 cells, which is

consistent with a type IV hypersensitivity reaction.

Although the present study focused on patients with a

MoM hip implant, the findings may also apply to patients

who have developed a pseudotumor with a non-MoM hip

implant, especially in cases of trunnionosis, which are

typically associated with elevated metal wear products.

In conclusion, results suggest the presence of a type IV

hypersensitivity reaction, with a predominance of type 1 Th

cells, in patients with a failed MoM hip implant with a
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pseudotumor. The lower percentages of memory T cells

(specifically Th and Tc) as well as type 1 Th cells in

peripheral blood of these patients could potentially become

diagnostic biomarkers for the detection of pseudotumors.

Finally, although implant design (hip resurfacing or THA)

did not seem to affect the results, as suggested by the scatter

of the data with respect to this parameter, future studies with

additional patients could include the analysis of implant

design in addition to correlations with histological analyses

of specific Th subsets in periprosthetic tissues.
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