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Abstract
Background Once touted as the future
of hip arthroplasty, metal-on-metal
(MoM) bearing surfaces have fallen
sharply from favor with the emergence
of a strong body of evidence demon-
strating unacceptably high premature
implant failure rates. The previously
unpredictable development of adverse
local tissue reactions (ALTRs) has
been a substantive contributor to this.
Although the underlying pathophysi-
ology of these so-called “pseudotu-
mors” is now well understood, the

fundamental predisposing patient risk
factors have remained elusive.
Questions/purposes The aim of this
research, as a clinical-genotype corre-
lation analysis, was to identify specific
alleles (genes) associated with the de-
velopment of ALTRs in patients with
in situ MoM THAs.
Methods A case-control study of
patients who received a large-head, pri-
mary MoM THA between 2005 and
2008 was performed with a minimum
followup of 5 years. Twenty-six patients

who had undergone revision of a pri-
mary MoM THA secondary to symp-
tomatic ALTRs were recruited. The
mean timeframe from primary MoM
THA to symptomatic revision was 5.5
years (range, 1-10 years). Twenty-eight
control subjects were randomly selected
asymptomatic patients with no evidence
of ALTRs on protocol-specific screen-
ing. Baseline demographics and high-
resolution genotype (human leukocyte
antigen [HLA] Class II) were collected
for all patients. Cohorts were similar
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with respect to age at the time of primary
MoM THA (mean, 54.8 versus 54.9
years, p = 0.95) and serum cobalt (mean,
5.5 versus 8.5 mg/L, p = 0.09) and
chromium concentrations (mean, 2.9
versus 4.2 mg/L, p = 0.27). The associ-
ation between genotype and revision
surgery secondary to ALTRs was de-
termined with gender as a covariate.
Results The prevalence of the risk
genotype was 30% (16 of 54) among
the entire cohort. Adjusting for sex, the
odds of revision were 6.1 times greater
among patients with the risk genotype
present than among patients without
(95% confidence interval [CI], 1.5-
25.4; p = 0.01). Among females, the
specificity of the risk genotype was 1.0
(95% CIexact, 0.5-1.0; pexact = 0.03),
and for males, it was 0.8 (95% CIexact,
0.6-0.9; pexact < 0.01).
Conclusions The findings of this
study suggest that, among patients with
a primary MoM THA, allelic variation
within the HLA Class II loci may be
a strong, independent risk factor asso-
ciated with the need for subsequent
revision surgery secondary to pseudo-
tumor formation.
Clinical Relevance Given the
hypothesis-generating nature of this novel
undertaking, confirmatory prospective
clinical studies are required to further
elucidate this correlation and to explore
the clinical utility of targeted genetic
screening in this specific population. This
research may, however, represent a key
missing piece in the puzzle that is metal
ion-induced pseudotumor formation.

Introduction

Metal-on-metal (MoM) bear-
ing surfaces in hip surgery
have been used for decades

with initial reports of use dating back to
the 1960s [75]. Driven by purported
favorable biomechanical character-
istics and championed as the future of
hip arthroplasty and the panacea for
polyethylene wear-induced osteolysis
(aseptic loosening) [3, 26, 38, 74], their
use saw a dramatic resurgence in the
early 2000s, accounting for up to 35%
of the THA market share in the United
States alone [10]. Despite early hope
[4, 8, 13, 36, 62], MoM hips fell
sharply out of favor with the emer-
gence of a strong body of evidence
demonstrating associated un-
acceptably high rates of premature
implant failure [7, 64, 76] with a more
than fivefold greater risk of revision at
8 years as compared with metal-on-
polyethylene articulations [7, 76]. The
periarticular lesions quickly associated
with these failures—so-called
“pseudotumors”—are nonneoplastic,
aseptic, soft tissue masses, now
broadly defined as “adverse local tissue
reactions” (ALTRs) [80]. The specific
histologic characteristics of these
lesions are unique to MoM bearings
[11, 15]. Although reported to occur in
25% to 61% of patients [24, 35, 83]
with in situ MoM THAs [35], the true
prevalence remains undefined [2].

Recent investigations have identi-
fied Th-1 cell-mediated immune pro-
cesses as the primary pathway in the
pathogenic evolution of ALTRs [28-
30, 81]. Interface wear generates
micron-sized debris [18, 42, 43], pro-
ducing metal ions that subsequently
bind to serum proteins [50, 63, 85, 86].
In a subset of patients, these metal-
protein complexes are immunogenic,
activating naı̈ve T-lymphocytes [1, 6,
15, 20, 21, 28, 44, 54, 66, 79, 81, 82]
and signaling macrophage recruitment
[69] through antigen-dependent pro-
cesses. Importantly, the metal ion
sensitivity responsible for ALTRs in
this setting is not the function of

a preexisting metal allergy per se, but
rather represents an acquired immune
response [23, 29-31, 52, 81].

Attempts to identify patient-specific
factors implicated in pseudotumor de-
velopment have previously been un-
fruitful. It was initially postulated that
a direct correlation between metal ion
burden and ALTR development may
exist [24, 34, 45, 48, 58, 65]. This
theory gained traction when compo-
nent wear and various technical factors
were shown to increase synovial and
serum metal ion concentrations [14,
16, 17, 25, 33, 45-47]. Recent data,
however, have failed to establish
a clear association between ALTR de-
velopment and ion concentrations,
component position, or the magnitude
of component wear [19, 27, 35, 83].
Moreover, nearly half of patients with
a MoM implant and a documented
ALTR have ion concentrations less
than comparative patients with similar
prostheses, but no evidence of a pseu-
dotumor [34, 59, 83].

Much research has been directed
toward identifying at-risk patients
according to postoperative parameters,
at which point little can be done to
avoid the deleterious effects of revision
surgery. Conversely, the ability to
identify “at-risk” patients through
preoperative screening affords the po-
tential opportunity to avoid the morbid
sequelae resultant from revision
arthroplasty. Given the well-accepted
immunologic role in pseudotumor de-
velopment, genetic screening may
provide the answer as to why some
patients function well and remain
lesion-free with MoM bearings,
whereas others, in seemingly identical
circumstances, experience ATLR de-
velopment and early implant construct
failure. Exemplified by work done in
the field of pharmacogenetics, the
power of human leukocyte antigen
(HLA) type screening lies in the ability
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to identify individuals genetically sus-
ceptible to this devastating outcome
before exposure.

The aim of this research, as a clini-
cal-genotype correlation analysis, was
to identify specific genes (alleles) as-
sociated with the development of
ALTRs in patients with in situ MoM
THAs.

Patients and Methods

A case-control study was performed
using prospectively collected data at
a single, tertiary referral center. A tar-
get cohort of 372 patients was identi-
fied from a comprehensive, local
database that consisted of all patients
who had undergone primary THAwith
the use of a large head, stemmed,MoM
bearing couple between January 2005
and December 2008 performed by one
of four senior arthroplasty surgeons on
staff. This represented 11.9% (372 of
3119) of the total number of THAs
performed during this timeframe. En-
rollment of all participants took place
during the period January 2014 to July

2015 after approval by the institutional
human subject research ethics board.

Given the novel concept of the
current study, and its hypothesis-
screening nature, no formal sample
size calculation was performed. A tar-
get sample size of 40 patients (that is,
20 patients and 20 control subjects)
was identified a priori as sufficient to
satisfy the objectives of the study.

Eligibility for inclusion in the study
included patients 18 years of age or
older with a unilateral, large-head,
primary MoM THA with a minimum
of 5 years followup. Exclusion criteria
included documented periprosthetic
joint infection (15), known autoim-
mune disease (six), joint arthroplasty
implants in addition to the THA of
interest—including in situ bilateral
THA or TKA(s) (68), and a history of
implanted metal in situ for a duration >
6 weeks (medical device/
osteosynthesis construct for fracture
or other foreign body), not including
the THA prosthesis of interest (27).
After exclusions, 256 patients were
identified as potential candidates for
inclusion. Of these, incomplete or un-
available medical records or final

pathology reports limited the final co-
hort size to 198 patients.

A total of 26 patients and 28 control
subjects were enrolled, representing 26
of 198 (13%) and 28 of 198 (14%) of
the available cohort, respectively.
Baseline demographics were compa-
rable between the study groups
(Table 1), with the exception of the
relative gender distribution. A higher
proportion of females (50% [13 of 26])
was observed in the case group versus
the control group (18% [five of 28]; p =
0.02). To ensure representativeness of
the final patient and cohort samples,
the basic demographics of age and
gender were compared with the total
initial sample identified (all MoM
THAs during the study period = 372).
The mean age of this whole group was
54.3 years, comprising 262 males (262
of 372 [70%]) with an average age of
54 years and 110 females (110 of 372
[30%]) with an average age of 54.8
years. There were no differences
identified in comparisons between the
patients in the total initial sample (n =
372) and case groups (n = 26) (all p
values > 0.05), other than the gender
ratios whereby a higher proportion of

Table 1. Subject demographics and clinical characteristics

Characteristic
Revised ALTR

(n = 26)
No ALTR
(n = 28) p value

Asymptomatic ALTR*
(n = 7)

Gender (female) 13 (50%) 5 (18%) 0.02† 3 (43%)

Age at the time of primary MoM THA
(years)

54.9 (52.3-57.5) 54.8 (51.4-58.1) > 0.05‡ 56.7 (47.8-65.5)

Duration of primary MoM THA in situ
(years)

5.47 (4.6-6.3) 7.26 (6.9-7.6) > 0.05‡ 6.74 (6.1-7.4)

Serum Cr concentration (mg/L)§ 4.24 (1.5-4.7) 2.86 (1.3-4.2) > 0.05‡ 4.21 (1.5-10.6)

Serum Co concentration (mg/L)§ 8.47 (4.9-10.1) 5.48 (2.2-8.3) > 0.05‡ 8.38 (2.3-15.2)

Data presented as frequency (percentage) for categorical variables, and mean (95% confidence interval) for continuous variables,
unless otherwise noted.
*asymptomatic ALTR data included for comparative purposes but not included in the final analyses.
†two-tailed Fisher’s exact test.
‡unpaired Student’s t-test.
§given nonnormal distribution of outcomes and small sample size, values reported as median (95% CIbinomial interpolated).
ALTR = adverse local tissue reaction; MoM = metal-on-metal; Cr = chromium; Co = cobalt.
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females was seen in the case group
(29% [110 of 372] versus 50% [13 of
26]; p = 0.03).

Cases were defined as patients who
had undergone revision of a primary
MoM THA prosthesis for the man-
agement of a symptomatic ALTR. The
decision to revise was based on clinical
findings in concert with evidence of an
ALTR on ultrasonography and/or
metal artefact reduction (MAR) mag-
netic resonance imaging (MRI) scan.
The patients comprised the study
group “revised ALTR”.

Control subjects were defined as
subjects with a single, primary MoM
THA in situ and no evidence of an
ALTR on study-specific ultrasonogra-
phy or other imaging available at the
time of enrollment. To avoid selection
bias, potential control subjects were
randomly selected from the study data-
base using simple random number
generation tables. Again, to minimize
the potential confounding effect of tar-
geted selection bias, no attempt was
made to match demographic character-
istics. All control subjects were
asymptomatic with respect to the hip of
interest. Once consented enrollment had
been achieved, ultrasound was per-
formed to evaluate for presence of an
ALTR. Subjects classified as control
subjectswere referred to as “noALTR.”
Seven patients (11.5% [seven of 61])
were initially recruited as potential
control subjects, but were subsequently
found to have ALTRs on screening
imaging (“asymptomatic ATLR”). To
avoid data contamination, these indi-
viduals were excluded from the final
analyses of an association between
HLA genotype and revision, but their
demographic information was included
for comparative analysis.

Data pertaining to baseline charac-
teristics and clinical course were col-
lected from the database for all patients
enrolled. Genotype data from all study

participants were also compared with
healthy, matched population norms
derived from the Canadian HLA gene
frequency database (Canadian Blood
Services). This comparison functioned
as a population control reference. De-
termination of case-control status was
made independent of HLA genotype.

Serum Metal Ion Analysis

Serum ion concentrations of cobalt
(Co) and chromium (Cr) were col-
lected in all study patients at the time of
enrollment. For participants in the re-
vised ALTR group, only serum Cr and
Co ion concentrations sampled within
3 months of revision surgery were
considered. One vial of blood was
collected from each patient using
a plastic 7-mL nonadditive, red label,
blue top BD Vacutainer® tube (Trace
Element, Serum, Reference 368380;
Becton Dickinson, Franklin Lakes, NJ,
USA). Bloodwas allowed to clot for 20
minutes before being centrifuged with
the stopper on for 15 minutes. The se-
rum was then transferred using a poly-
propylene transfer pipette into a 7-mL
Sarstedt polypropylene tube (Sarstedt,
Nümbrecht, Germany). It was then
stored at -20° C before analysis. All
specimens were shipped to the Trace
Elements Laboratory at Western Uni-
versity, Canada, under strictly con-
trolled medical specimen transport
conditions. The laboratory used the
Thermo Fisher Element 2 high-
resolution sector field inductively
coupled plasma mass spectrometer
(Thermo Scientific, Waltham, MA,
USA) for measurement of metal ions.
This device is considered the gold
standard for trace metal ion analysis
[56, 57]. All samples were collected at
the same laboratory, by the same
phlebotomist, trained in this specific
procedure.

Hip Ultrasound Protocol

Using a previously described and val-
idated imaging protocol [24], shown to
have a sensitivity of 100% and a spec-
ificity of 96%, outpatient ultrasono-
graphic assessment was performed
screening for the presence of an ALTR
among asymptomatic patients (poten-
tial control subjects) with a primary
MoM THA in situ. A single sonogra-
pher with experience in over 500
protocol-specific studies performed all
of the ultrasound examinations. Each
study was performed using a Siemens
Antares Ultrasound System (Siemens
Medical Solutions USA, Mountain
View, CA, USA) and the results
recorded utilizing a standardized tem-
plate. The Siemens VFX9-4 linear
transducer and/or the Siemens CH6-2
curvilinear transducer were used for all
studies based on the body habitus of
the patient being evaluated. All studies
provided images satisfactory for di-
agnosis. Acquisition time was ap-
proximately 20 minutes. Twenty-two
(22 of 26 [85%]) of the patients and 17
(17 of 28 [61%]) of the control group
underwent study protocoled ultra-
sounds. Four (four of 26 [15%])
patients also underwent a MAR MRI
scan, which was ordered independent
of the study protocol by referring
physicians. These results were avail-
able at the time of ultrasound, but the
reporting radiologists were blinded to
these findings for study image review.
In each of the four patients, the MRI
and ultrasound diagnosis of pseudotu-
mor was concordant. There were no
MRIs performed for control subjects.
Two patients (one in the case group
and one in the control group) also had
CT scans performed but both occurred
after ultrasound investigation and did
not change the final diagnostic result.

All images were interpreted by one
of four senior fellowship-trained
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musculoskeletal radiologists experi-
enced with ultrasonography of hip
prostheses and ALTR pathology. The
radiologists were blinded to both the
clinical status of the patient and the
HLA genotype results. The presence,
size, and position of any fluid, cystic
mass, or solid mass related to the hip
were recorded along with the in-
volvement of any local neurovascular
structures. Independently, each radiol-
ogist was asked to provide a definitive
statement on whether the scan was
normal or abnormal and to confirm the
presence or absence of an ALTR. In the
event of an abnormal study, each ra-
diologist categorized the findings
according to one or more of the fol-
lowing: (1) simple fluid collection; (2)
cystic mass or a complex fluid collec-
tion; or (3) solid mass. Simple fluid
collections were defined as anechoic
with increased through-transmission
and a well-defined posterior wall,
whereas a complex fluid collection/
cystic mass contained debris (internal
echoes), septations, or both. The di-
agnosis of an ALTR was based on the
presence of a complex fluid collection,
cystic mass, or solid mass. When a de-
finitive diagnosis could not be made,

a second radiologist, blinded from the
report of the first, interpreted the study
followed by open discussion and con-
sensus agreement on the findings.

HLA Genotyping

A second 7-mL peripheral blood
specimen was collected from each
participant in EDTA BD Vacutainer
tubes (Becton Dickinson Reference
#367863) and stored in a medical re-
frigerator at 4° C. Samples were then
transferred to an on-site College of
American Pathologists/American So-
ciety for Histocompatibility and
Immunogenetics-certified immunol-
ogy laboratory at Vancouver General
Hospital (Vancouver, British Colum-
bia, Canada). Genomic DNA for each
participant was extracted using an au-
tomated robotic method (Quiasym-
phony, Quiagen, Canada) and
polymerase chain reaction amplifica-
tion performed using an Applied Bio-
systems thermocycler (Foster City,
CA, USA). HLA typing was per-
formed using Luminex sequence-
specific oligonucleotide typing kits
(Luminex, Austin, TX, USA) to

determine HLA Class II DRB1,
DQA1, and DQB1 allelic specificities
at intermediate and high resolution as
required using a polymerase chain re-
action amplification technique with
group-specific primers. These loci
were selected because of their known
relationship with inflammatory dis-
orders [51], as defined by the CDW
2.0.0 catalog [78].

Study endpoints are reported as
frequency and percentages (95% con-
fidence interval [CI]) for categorical
variables and mean (95% CI) values
for continuous variables, unless other-
wise noted. A test for normality of
study endpoints was performed using
a combined skewness and kurtosis test,
when possible. Homogeneity of de-
mographic and clinical characteristics
across the study groups was performed
using one-way analysis of variance for
continuous, parametric endpoints,
Kruskal-Wallis test for nonparametric
continuous endpoints, and Fisher’s
exact test for categorical endpoints.
Pairwise comparisons between “re-
vised ALTR” and “no ALTR” groups
were completed according to tradi-
tional parametric and nonparametric
hypothesis tests.

Table 2. Allelic variant carriage rates

Allelic variant Revised ALTR (n = 26) No ALTR (n = 28) Matched population norms

DRB1*07:01 4 (15%) 13 (46%) 28%

p = 0.046* > 0.05† > 0.05†

DQA1*02:01 4 (15%) 13 (46%) 25%

p = 0.046* > 0.05† 0.03†

DQB1*02:01/02 8 (31%) 19 (68%) 39%

p = 0.024* > 0.05† 0.01†

DQB1*03:01 17 (65%) 7 (25%) 36%

p = 0.029* 0.03† > 0.05†

Data presented as count frequency (percentage [95% confidence interval]).
*one-tailed p value derived from Pearson chi-square test of gene-trait association for presence of allelic variant and revision for
symptomatic ALTR.
†one-sided p value derived from binomial probability test comparing observed allele carriage rate in study group with matched-
population norm carriage rate; ALTR = adverse local tissue reaction.
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The frequency of a particular allele
was arranged in a two-by-two con-
tingency according to case/control
status and was evaluated using
a Pearson chi-square test. No correc-
tion for multiple testing was per-
formed given the colinearity of the
allelic variants at the loci examined.
Evaluation of differences in observed
and expected allelic carriage rates
among patients and control subjects
was performed using a one-tailed, bi-
nomial probability test. Matched-
population norms were used to de-
rive expected allele frequencies.

An odds ratio (OR) was used to
quantify the clinical association be-
tween HLA genotype and the need for
revision secondary to symptomatic
ALTR. Statistical significance of the
OR was set at 0.10 a priori and de-
termined using a Fisher’s exact test
given the small sample size. A 90% CI
for the OR was calculated according to
Woolf’s method.

The level of statistical significance
was set at p < 0.05, unless otherwise
noted. Statistical analysis was per-
formed with STATA (Version 13.1;
StataCorp, College Station, TX, USA).

Results

Genetic analysis at the major histo-
compatibility complex Class II loci
showed clear differences in allelic
carriage rates between patient groups
(Table 2). The frequency of DQB1*03:
01 was increased in participants with
ALTR, being present in 65% (17 of 26)
compared with only 25% (seven of 28)
of those without disease (p = 0.02), or
36% of the normal population (p =
0.03) [78]. In contrast, HLA-
DRB1*07:01, DQA1*02:01, and
DQB1*02:01/02 were negatively as-
sociated with the incidence of revision
for symptomatic ALTR in the study

cohort. HLA-DRB1*07:01 was
expressed by only 15% (four of 26) of
patients with ALTR compared with
46% (13 of 28) without (p = 0.05) and
28% of the normal population (p =
0.20) [78]. HLA-DQA1*02:01 was
also expressed by 15% (four of 26) of
affected patients compared with 46%
(13 of 28) free from ALTR (p = 0.05)
and 25% of normal control subjects (p
= 0.28). HLA-DQB1*02:01/02 was
expressed by 31% (eight of 26) of
patients with ALTR compared with
68% (19 of 28) of disease-free partic-
ipants (p = 0.02) and 39% of the nor-
mal population (p = 0.31) [78]. These
alleles occur in high linkage disequi-
librium with their respective frequen-
cies of association above that which
would be expected if the loci were in-
dependent and associated randomly
[49]. There was no effect with the
numbers available of homozygosity or
specific allelic combinations at any of
these loci within the population tested.

Table 3. Clinical association and diagnostic performance of various alleles

Allelic variant
Odds ratio for
revised ALTR* Sensitivity (%) Specificity (%)

Positive
predictive value†

Negative
predictive value†

Absence of DRB1*07:01 5.4

[0.9-31.0] 85.7 47.4

(p > 0.05)

Absence of DQA1*02:01 3.4

[1.0-11.7] 58.3 28.4

(p > 0.05)

Absence of DQB1*02:01/02 3.5

[1.1-11.1] 61.1 32.9

(p > 0.05)

Presence of DQB1*03:01 5.0

[1.1-22.5] 64.3 73.7

(p = 0.04)

Absence of DRB1*07:01 and Presence
of DQB1*03:01

7.1

[1.4-36.1] 57.1 84.2 72.7 72.7

(p = 0.02) [39.0-94.0] [49.8-89.3]

*Odds ratio [95% CIWoolf] (two-tailed Fisher’s exact p value).
†probability presented as percentage [95% CI]; ALTR = adverse local tissue reaction; CI = confidence interval.
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Among participants with the
DQB1*03:01 allele present, the OR for
undergoing revision secondary to
ALTR was 5.0 (95% CIWoolf, 1.1-
22.5). Among participants without the
DRB1*07:01, DQA1*02:01, and
DQB1*02:01/02 alleles, the OR (95%
CIWoolf) for undergoing revision was
5.4 (0.9-31.0), 3.4 (1.0-11.7), and 3.5
(1.1-11.1), respectively. The greatest
observed increase in clinical risk pro-
file was noted when the “at-risk”
DQB1*03:01 allele was present and
“protective” DRB1*07:01 allele was
simultaneously absent, resulting in an
OR for revision of 7.1 (95% CIWoolf,
1.4-36.1). Diagnostic performance of
the alleles of interest according to the
study data was collated and summa-
rized (Table 3).

Serum Cr and Co concentrations,
age at primary MoM THA, and gender
were not independently associated,
with the numbers available, with sub-
sequent revision surgery secondary to
symptomatic ATLR development.

Discussion

The previously unpredictable de-
velopment of pseudotumors in patients
with primary MoM THAs has long
remained a perplexing clinical co-
nundrum. Recent histopathologic stud-
ies have defined key Th-1 cell-mediated
immune pathways in the evolution of
these lesions [30] driven by acquired,
antigen-dependent processes. These
findings suggest a potential underlying
genetic predisposition at a patient-
specific level. The purpose of the cur-
rent study, therefore, was to explore
gene frequencies—based on alleles
known to have Th-1 modulating
linkage—associated with ALTR for-
mation in patients with in situ MoM hip
replacements. We found that the alleles

DRB1*07:01, DQA1*02:01,
DQB1*02:01/02, and DQB1*03:01
were associated with revision hip sur-
gery secondary to symptomatic ALTR
among patients with a primary MoM
THA when compared with patients
without evidence of an ALTR. Al-
though the presented data suggest that
the presence ofDQB1*03:01 confers an
increased risk of pseudotumor de-
velopment, the DRB1*07:01 allele
conversely appears to afford some ge-
netically ascribed protection against the
development of a symptomatic ALTR
and consequent need for revision sur-
gery. Independent of serum metal ion
concentrations and of patient age at the
time of the primary MoM THA, those
patients lacking theDRB1*07:01 allele,
but harboring the DQB1*03:01 allele,
were found to have an increased odds of
undergoing revision surgery.

The findings reported here must be
considered with the context of the
limitations of the study. First, given the
hypothesis-generating nature of this
study, the relatively small sample size
limits the confidence in which these
findings can be more broadly general-
ized. Moreover, the limited statistical
power may have compromised our
ability to identify associations between
certain allotypic variants and the in-
cidence of the need for surgical re-
vision, which, given a larger number of
participants, may be found to be asso-
ciated with revision surgery secondary
to ALTRs. Nonetheless, despite this,
we were able to demonstrate discrep-
ancies in allele carriage rates between
the “no ALTR” and “revised ALTR”
patients. Of the eligible cohort size
(372 patients who underwent MoM
THAs during the study collection pe-
riod), 174 (47%) were excluded, the
majority resulting from the presence of
an in situ second (or multiple) joint
arthroplasty or other implanted metal-
lic device or component. Although this

approximately halved the potential el-
igible group for sampling, we maintain
this was a necessary and important step
to minimize the potentially confound-
ing effect of metal debris/incited tissue
reaction from sources other than the
single joint of interest. The relative risk
increase posed to patients of ALTR
development in the setting of multiple
in situ implants remains unclear and
represents another potential avenue for
investigation. Our decision to exclude
seven patients with an “asymptomatic
ALTR” from the primary analysis also
warrants further discussion. When
performing gene-trait association
studies, it is of utmost importance to
precisely define the phenotype of in-
terest and accurately delineate patients
according to the defined phenotype to
ensure internal and external validity.
For this study, we chose to focus on the
most clinically relevant phenotype,
patients who developed symptomatic
ALTRs who underwent revision. Al-
though we can be reasonably confident
that patients with “noALTR” represent
a discrete phenotype from those within
the “revised ALTR” group, we cannot
be certain as to which phenotype best
describes the “asymptomatic ALTR”
patients. This consideration provides
an avenue for future research.

Further complicating the classifica-
tion of these patients is the use of ul-
trasound for diagnosis. With
a previously demonstrated and pub-
lished 100% sensitivity for detecting
the presence of an ALTR in asymp-
tomatic patients [24], we are confident
in the negative predictive value of the
technique used. However, given
a reported diagnostic false-positive rate
of 4% (0%–12%), it may be reasonably
postulated that of the asymptomatic
patients subsequently identified as
having an ALTR lesion, and therefore
excluded from further analysis (that is,
patients with “asymptomatic
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ALTRs”), a small likelihood of mis-
characterization exists. The potential
effect on resultant data analysis is un-
clear but is likely to be small.

It is important to note that disparity
did exist with regard to the relative
gender distribution between the two
study groups. The overall cohort
showed a male predominance (67%
[36 of 54]), although 50% (13 of 26) of
the included patients were female.
Why such a gender imbalance existed
remains unclear although it may sim-
ply have reflected the small overall
sample size and random sampling er-
ror. This represents another potential
avenue for future investigation utiliz-
ing a larger cohort size. Any potential
confounding bias resulting from the
disproportionate female representation
was ameliorated by the a priori control
of gender as an independent covariate
in the final data analyses.

Although the important contribution
of acetabular cup malpositioning has
been well documented as a precursor to
wear debris generation, the volume of
particulate debris and the resultant sy-
novial and serum metal ion levels [59]
have independently been demonstrated
not to directly influence subsequent
pseudotumor development. Like in all
THA construct types, the importance of
correct component positioning (both
acetabular and femoral) in influencing
implant survivorship is clear; however,
in the setting of MoM bearings, this has
not been correlated with ALTR
formation.

Lastly, the population allelic car-
riage rates used to determine the
expected frequencies for the study par-
ticipants were derived from a pre-
dominantly North American white
population. Although representative of
the ethnic distribution of our study
participants, there may be some dis-
crepancy between the true carriage rates
for the underlying study population and

the population norms used for the study.
This again provides an avenue for future
related research centered among differ-
ent racial and ethnic cohorts.

Support for this type of bio-
physiologic predictive model can be
found in recent immunogenetics work
[32]. Among patients with Type 1 di-
abetes mellitus [84, 86], Graves’ disease
[87], scleroderma, and multiple sclerosis
[5], allelic frequencies for DRB1*07,
DQA1*02, and DQB1*02 are lower
among individuals displaying the con-
dition of interest, as comparedwith those
who do not (ie, matched control sub-
jects). Such findings suggest that the in-
dividual presence of these specific alleles
may offer protection against Th-1-
mediated autoimmune processes [55]
similar to the development of ALTRs in
the setting of metal ion exposure.

With regard to the potential clinical
utility of our findings, there is no better
example than the rapidly evolving field
of pharmacogenetics. Over the past
decade, gene-trait association studies
have shed light on immunologically
mediated drug reactions long thought
to be randomly evolved and otherwise
unpredictable. To date more than 50
specific HLA alleles have been impli-
cated in the development of drug and
environmental antigen-related hyper-
sensitivities [9, 70] biologically similar
to the acquired immune response to
metal ions in the setting of ALTR for-
mation [9, 28-30, 70, 81]. As a result of
such breakthroughs, the FDA [12, 22]
and the US Department of Health [37,
60, 67] recently provided recom-
mendations for HLA genotype
screening before administration of
medications known to be associated
with life-threatening adverse reactions.
Such preintervention screening has
been shown to be both an efficacious
[61, 72] and cost-effective [41, 53, 73]
means for the primary prevention of
medication-induced Type IV

hypersensitivities. The extrapolation of
such applications to the prospective
identification of patients potentially at
risk for the development of peri-
prosthetic pseudotumors through ex-
posure to MoM joint arthroplasties,
after the clear characterization of high-
risk genotypes, holds much clinical
promise and obvious potential benefit.

Similar to its current use in thefield of
pharmacogenetics, prospective HLA
typing may soon be capable of identify-
ing patients genetically predisposed to
the development of metal ion-induced
pseudotumors, before surgery, allowing
the selection of implant and bearing
combinations known to place the in-
dividual patient at the lowest possible
risk. As a preoperative screening tool,
from an alternative line of thinking, this
result may even provide surgeons with
the confidence to exploit the superior
biomechanical and wear properties of
MoM bearing couples [71] without the
fear of the catastrophic sequelae associ-
ated with ALTR development, particu-
larly in the demonstrated presence of
a “protective” allele combination.
Moreover, as we continue to gain an
appreciation for metal ion-induced
ALTRs within the context of various
modular femoral stem designs [39, 40,
68, 77], the findings of this study may
also demonstrate value in reducing the
incidence of failures attributed to such
implants.

The findings of the current study
present evidence suggesting a strong
association between HLA allotype and
the incidence of revision surgery for
the management of symptomatic
ALTRs (pseudotumors) among
patients with a single, primary, MoM
THA prosthesis. To our knowledge,
this work represents the first published
demonstration of such a clinical asso-
ciation and has potentially wide-
reaching clinical application in future
prospective patient management.
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Although these results will require
wider ratification and further expan-
sion, this work certainly provides
foundation data for an exciting new
frontier within the field of adult hip
arthroplasty, which may show future
benefit in appropriately prospectively
identifying “at-risk” patient genotypes.
Extrapolating this work further, di-
agnosis of the “at-risk” DRB1*07:01,
DQA1*02:01, DQB1*02:01/02, or
DQB1*03:01 alleles in patients with
known in situ MoM THAs may be in-
fluential in guiding clinical decision-
making when considering the role of
early intervention approaches.
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