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Risk of Revision After Arthroplasty Associated with
Specific Gene Loci

A Genomewide Association Study of Single-Nucleotide Polymorphisms in 1,130 Twins
Treated with Arthroplasty

Anders Brüggemann, MD, PhD, Niclas Eriksson, MSc, PhD, Karl Michaëlsson, MD, PhD, and Nils P. Hailer, MD

Investigation performed at the Department of Surgical Sciences, Orthopaedics, Uppsala University, Uppsala, Sweden

Background: The risk of revision surgery following total joint arthroplasty (TJA) may be influenced by genetic factors.
Therefore, we sought to identify genetic variants associatedwith the risk of revision surgery in a genomewide association study.

Methods: We investigated a cohort of 1,130 twins from the Swedish Twin Registry treated with TJA. During amean of 9.4
years of follow-up, 75 individuals underwent revision surgery for aseptic loosening (the primary outcome) and 94, for any
reason (the secondary outcome). Genetic information was collected using the Illumina OmniExpress and PsychArray
panels, and the Haplotype Reference Consortium served as the reference for gene imputation. Adjusted Cox regression
models were fitted to calculate hazard ratios (HRs) with 95% confidence intervals (CIs).

Results: Nine single-nucleotide polymorphisms (SNPs) reached genomewide significance for aseptic loosening. The first
SNP, rs77149046, located in the endosome-lysosome associated apoptosis and autophagy regulator family member 2
(ELAPOR2) gene, conferred an HR of 5.40 (CI, 3.23-9.02; p = 1.32·10210), followed by 4 SNPs within the region coding for
sodium-dependent taurine and beta-alanine transporter (SLC6A6), with HRs ranging from 3.35 to 3.43. The sixth SNP,
rs7853989 (HR, 3.46; CI, 2.33-5.13; p = 6.91·10210), was located in a region coding for the ABO blood group system. This
SNP has been described as predictive for blood type B. Seven significant SNPs were found for the risk of revision for any
reason, with the first 4 again being located in the SLC6A6 region. The leading SNP, rs62233562, conferred an HR of 3.11
(CI, 2.19-4.40; p = 1.74·10210) for revision surgery. Similar HRs were found for SNPs 3:14506680 (p = 1.78·10210),
rs2289129 (p = 1.78·10210), and rs17309567 (p = 3.16·10210). The fifth SNP, rs11120968, was located in the
calmodulin-binding transcription activator 1 (CAMTA1) gene (HR, 2.34; CI, 1.74-3.13, p = 1.45·1028).

Conclusions: We identified 12 unique SNPs associated with an increased risk of revision surgery. Among these, 2 were
in ELAPOR2, which is closely linked to bone formation. Another SNP is located in a gene region encoding for the ABO
system, which merits further studies of causal relationships.

Level of Evidence: Prognostic Level III. See Instructions for Authors for a complete description of levels of evidence.

B
etween 5% and 10% of patients undergo revision total joint
arthroplasty (TJA) within 10 years after primary hip or knee
arthroplasty1. The most common reason for revision TJA is

aseptic loosening, a process mediated by inflammatory cells and
osteoclasts, resulting in osteolysis and debonding of the implant2.

Typically, aseptic loosening occurs at least 5 years after primary
surgery. Male sex, obesity, younger age, and high-impact exercise
levels are identified as patient-related risk factors for revision TJA3-5.
Still, in the absence of typical risk factors and technical errors, the
mechanisms underlying aseptic loosening remain enigmatic.
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Candidate-gene-driven studies have identified several
single-nucleotide polymorphisms (SNPs) that increase the risk
of revision TJA6-11. The first 2 genomewide association studies
(GWASs) investigating osteolysis or aseptic loosening, one with
2,418 controls and 1,096 cases and the other with 289 controls
and 97 cases, identified several suggestive risk loci. However, all
loci failed to reach genomewide significance (GWS)12,13.

Apart from aseptic loosening, periprosthetic joint infection
(PJI) is one of the most common reasons for revision TJAwithin
the first 2 years after TJA14,15. PJI is amultifactorial entity associated
with patient-related risk factors and factors related to the surgical
procedure. Few studies have examined possible genetic effects on
the development of PJI. A familial clustering analysis found that
susceptibility to PJI had a genetic component, as first-degree
relatives of patients diagnosed with PJI had a higher risk of PJI16.
Some candidate-driven genetic studies have indicated increased
susceptibility to PJI associated with specific genes6,7,17.

In this study, we performed a GWAS using a cohort of
1,130 arthroplasty-treated Swedish twins for whom genetic
information was present to identify SNPs associated with an
increased risk of revision surgery for aseptic loosening or for
any reason following TJA.

Materials and Methods

The study was conducted in accordance with the updated
Helsinki declaration, and approval was granted by the local

ethics committee in Uppsala (approval number 2013/475). The
Swedish Patient Law does not require individual consent.

We cross-matched 63,010 twins from the Swedish Twin
Registry (STR) with the National Patient Registry (NPR) on the
basis of their personal identification number (PIN) and thus
acquired data on date of birth, sex, self-reported zygosity, diag-
nosis codes, procedural codes, date of surgery, and revision TJA.
This cross-matching allowed the calculation of age at primary
TJA, age at revision, and age at censoring, enabling survival
analysis. For a subset of 16,879 twins, genetic data were available
from the TwinGene project. The process of inclusion, sample
collection, and genotyping has been described previously18.

Genotyping
The OmniExpress (OE) and PsychArray (PA) panels (Illumina)
were used for genotyping. Quality control (QC) was performed
centrally by the TwinGene Project for each panel before delivery to
our group, with call-rate cutoffs per SNP (>3% for OE, >2% for
PA) and per individual (>3% for OE, >2% for PA), sex checks,
Hardy-Weinberg equilibrium (HWE) cutoffs (p < 1·1027 for OE,
p < 1·1026 for PA), and heterozygosity checks (>5 standard
deviations [SDs] for OE, >2 SDs for PA). Because our data con-
tained only a subset of all individuals in the centrally performed
QC,we performed additional QCby excluding SNPswith anHWE
p value of <1·1029 and those with aminor allele frequency (MAF)
of <0.5%, then excluding individuals with >5% missing variants.
This resulted in 644,449 SNPs in 10,716 individuals for the OE
array and 303,304 SNPs in 6,163 individuals for the PA. Each
genotyping set was phased using Eagle (Alkes Group, Broad
Institute) and imputed with the positional Burrows-Wheeler
transformation, using the Haplotype Reference Consortium r1.1 as
the reference19-21. Post-imputation QC was performed by filtering
using IMPUTE2 (University of Oxford) with imputation quality
>0.7. The 2 data sets were then converted to hard calls and merged
using PLINK version 1.922, resulting in 14,548,648 SNPs in 16,879
individuals. Genetic principal components were calculated on the
merged unimputed data using PLINK.

Outcomes
A total of 1,130 patients treated with TJA in the hip or knee were
included; 94 (8%) later underwent revision TJA (see Appendix Table
1 for all NOMESCOcodes considered indicative of revision surgery).
The primary outcome was revision due to aseptic loosening (iden-
tified in 75 of the 94 revised patients by the diagnostic criteria for
aseptic loosening according to International ClassificationofDiseases
[ICD] version 8, 9, or 10). The secondary outcome was revision
surgery for any reason. The same outcomes were also analyzed
separately for the 2 joints (see Appendix Tables 2 through 5).

Statistical Analysis
Time-to-event data were fitted by Cox regression models
using a robust sandwich estimator to capture the relationships
within the data. The effect of each SNP was modeled on the
basis of the additive effect of the increase of 1 minor allele. The
models were adjusted for sex, age at primary TJA, and the first 4
genetic principal components. The GWS level was set at p <
5·1028. Without MAF filtering, the results showed many
artifacts; thus, only variants with anMAF of >0.03 are reported.

TABLE I Characteristics at Primary Surgery of Individuals
without and with Revision Arthroplasty*

Revision Surgery

No (N = 1,036) Yes (N = 94)

Sex

Male 481 43

Female 555 51

Zygosity

Monozygotic 245 32

Dizygotic, same sex 399 32

Dizygotic, opposite sex 391 30

Deceased 122 15

TJA 1,092 96

THA 613 64

TKA 479 32

Age† (yr) 74 ± 9 73 ± 9

BMI† (kg/m2) 23 ± 3 22 ± 2

*Zygosity was missing for 1 individual in the control group. Some
individuals underwent primary and revision arthroplasty of both hip
and knee joints; thus, the total number of surgeries performed
exceeds the total number of study participants. THA = total hip
arthroplasty, and TKA = total knee arthroplasty. †The values are
given as the mean and SD.
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TABLE II Hip or Knee Revision Arthroplasty for Aseptic Loosening*

Gene SNP Chromosome Base Pair Minor/Major Total No.
No. of
Cases

MAF for
Cases

MAF for
Controls HR (95% CI) P Value

ELAPOR2 rs77149046 7 86617761 C/T 1,111 75 0.113 0.035 5.40 (3.23-9.02) 1.32·10210

SLC6A6 rs17309567 3 14508715 T/C 1,111 75 0.167 0.068 3.35 (2.31-4.86) 1.69·10210

SLC6A6 rs62233562 3 14505533 G/A 1,111 75 0.153 0.057 3.43 (2.33-5.04) 3.82·10210

SLC6A6 3:14506680 3 14506680 A/T 1,111 75 0.153 0.058 3.43 (2.33-5.04) 3.86·10210

SLC6A6 rs2289129 3 14508311 T/C 1,111 75 0.153 0.058 3.43 (2.33-5.04) 3.86·10210

ABO rs7853989 9 136131592 C/G 1,111 75 0.187 0.074 3.46 (2.33-5.13) 6.91·10210

— rs78688365 9 38453992 T/C 1,111 75 0.133 0.053 2.76 (1.95-3.91) 1.24·1028

— 9:136126631 9 136126631 A/C 1,111 75 0.187 0.087 2.82 (1.95-4.07) 3.35·1028

ELAPOR2 7:86608983 7 86608983 C/A 1,111 75 0.113 0.044 4.46 (2.62-7.59) 3.35·1028

— 9:136123092 9 136123092 C/T 1,111 75 0.167 0.064 3.10 (2.06-4.66) 5.41·1028

ABO 9:136131022 9 136131022 T/C 1,111 75 0.187 0.077 3.09 (2.05-4.66) 7.85·1028

ABO rs2073823 9 136132516 A/G 1,111 75 0.187 0.078 3.08 (2.04-4.65) 8.50·1028

ABO rs7855255 9 136131895 T/C 1,111 75 0.187 0.078 3.08 (2.04-4.65) 8.50·1028

ABO rs8176722 9 136132754 A/C 1,111 75 0.187 0.078 3.08 (2.04-4.65) 8.50·1028

ABO rs8176730 9 136132525 C/T 1,111 75 0.187 0.078 3.08 (2.04-4.65) 8.50·1028

ABO rs8176733 9 136132168 C/T 1,111 75 0.187 0.078 3.08 (2.04-4.65) 8.50·1028

— rs296617 9 93864371 A/C 1,111 75 0.113 0.039 3.56 (2.23-5.67) 9.16·1028

— rs773280 9 93867445 A/C 1,111 75 0.113 0.039 3.56 (2.23-5.67) 9.16·1028

ABO rs8176725 9 136132617 A/G 1,111 75 0.187 0.078 3.07 (2.03-4.63) 9.47·1028

— rs2799745 9 38480706 T/C 1,111 75 0.133 0.053 2.62 (1.83-3.75) 1.28·1027

ELAPOR2 rs7801050 7 86634828 A/G 1,111 75 0.113 0.046 4.23 (2.47-7.22) 1.36·1027

— rs2148782 9 93890003 T/A 1,111 75 0.113 0.041 3.42 (2.14-5.46) 2.63·1027

ELAPOR2 rs6465089 7 86564795 T/C 1,111 75 0.107 0.044 4.26 (2.45-7.41) 2.87·1027

SLC6A6 rs17039625 3 14500265 T/C 1,111 75 0.107 0.033 3.15 (2.03-4.89) 2.87·1027

SLC6A6 rs17237132 3 14499020 T/C 1,111 75 0.107 0.033 3.15 (2.03-4.89) 2.87·1027

SLC6A6 rs74710075 3 14500505 G/C 1,111 75 0.107 0.033 3.15 (2.03-4.89) 2.87·1027

SLC6A6 rs78099640 3 14501222 A/G 1,111 75 0.107 0.033 3.15 (2.03-4.89) 2.87·1027

— rs117675923 7 15763436 C/T 1,111 75 0.107 0.037 3.52 (2.17-5.69) 3.14·1027

— rs73546868 9 134688214 T/C 1,111 75 0.093 0.034 3.82 (2.29-6.40) 3.22·1027

— rs7861928 9 134688498 A/G 1,111 75 0.093 0.034 3.82 (2.29-6.40) 3.22·1027

— rs111248194 9 38447817 T/G 1,111 75 0.140 0.058 2.57 (1.79-3.70) 3.34·1027

— rs34364781 9 134689317 C/T 1,111 75 0.093 0.034 3.81 (2.28-6.38) 3.41·1027

ELAPOR2 7:86525065 7 86525065 G/A 1,111 75 0.107 0.045 4.23 (2.43-7.36) 3.45·1027

ELAPOR2 rs75714543 7 86506726 T/A 1,111 75 0.107 0.045 4.23 (2.43-7.36) 3.45·1027

ELAPOR2 rs7781922 7 86506679 T/C 1,111 75 0.107 0.045 4.23 (2.43-7.36) 3.45·1027

— 9:136127366 9 136127366 T/C 1,111 75 0.167 0.064 2.97 (1.95-4.53) 3.68·1027

— rs115865119 15 85494105 A/G 1,111 75 0.093 0.033 4.46 (2.50-7.94) 3.91·1027

— rs79025229 20 54665987 A/T 1,111 75 0.133 0.062 2.79 (1.88-4.15) 3.91·1027

— rs8026775 15 85511647 A/G 1,111 75 0.153 0.064 2.61 (1.80-3.78) 4.04·1027

— 15:85507348 15 85507348 A/T 1,111 75 0.153 0.065 2.60 (1.80-3.77) 4.33·1027

— rs16974653 15 85507605 G/A 1,111 75 0.153 0.065 2.60 (1.80-3.77) 4.33·1027

— rs72754980 15 85506317 A/G 1,111 75 0.153 0.065 2.60 (1.80-3.77) 4.33·1027

— rs72754982 15 85507573 G/A 1,111 75 0.153 0.065 2.60 (1.80-3.77) 4.33·1027

— rs72754983 15 85509642 A/G 1,111 75 0.153 0.065 2.60 (1.80-3.77) 4.33·1027

continued

612

THE JOURNAL OF BONE & JOINT SURGERY d J B J S .ORG

VOLUME 104-A d NUMBER 7 d APRIL 6, 2022
RISK OF REV I S ION AFTER ARTHROPLASTY ASSOC IATED WITH SPEC IF IC

GENE LOCI



We used the Harrell C-statistic and fraction of new
information (FNI) as measures of the predictive perfor-
mance of single markers or combinations of markers. The
C-statistic (presented as the total C for the model and as C
added by each variable) is a rank discrimination measure in
which a value of 0.5 indicates that the model does not

perform better than chance in discriminating between cases
and controls, and 1 indicates perfect discrimination. FNI,
which ranges between 0 and 1, is based on the model like-
lihood and is calculated as 1 – (likelihood of base model/
likelihood of new model). Accordingly, FNI is close to 1 if a
new variable adds a large amount of information to the

TABLE II (continued)

Gene SNP Chromosome Base Pair Minor/Major Total No.
No. of
Cases

MAF for
Cases

MAF for
Controls HR (95% CI) P Value

— rs56119196 15 85508916 A/G 1,111 75 0.153 0.066 2.60 (1.79-3.76) 4.45·1027

— rs17675707 18 60710821 C/A 1,111 75 0.180 0.070 3.17 (2.03-4.97) 4.53·1027

— 9:136128000 9 136128000 C/G 1,111 75 0.167 0.065 2.95 (1.94-4.50) 4.68·1027

— 9:136128558 9 136128558 C/T 1,111 75 0.167 0.065 2.95 (1.94-4.50) 4.68·1027

— 9:136129115 9 136129115 T/A 1,111 75 0.167 0.065 2.95 (1.94-4.50) 4.68·1027

— 9:136129647 9 136129647 A/G 1,111 75 0.167 0.065 2.95 (1.95-4.50) 4.68·1027

— 9:136129715 9 136129715 T/C 1,111 75 0.167 0.065 2.95 (1.94-4.50) 4.68·1027

ABO 9:136131315 9 136131315 G/C 1,111 75 0.167 0.065 2.95 (1.94-4.50) 4.68·1027

ABO rs187099314 9 136130741 T/C 1,111 75 0.167 0.065 2.95 (1.94-4.50) 4.68·1027

ABO rs8176743 9 136131415 T/C 1,111 75 0.167 0.065 2.95 (1.94-4.50) 4.68·1027

ABO rs8176746 9 136131322 T/G 1,111 75 0.167 0.065 2.95 (1.94-4.50) 4.68·1027

ABO rs8176749 9 136131188 T/C 1,111 75 0.167 0.065 2.95 (1.94-4.50) 4.68·1027

ABO rs8176741 9 136131461 A/G 1,111 75 0.167 0.066 2.95 (1.93-4.49) 4.93·1027

ABO rs75179845 9 136132954 C/T 1,111 75 0.167 0.066 2.95 (1.93-4.49) 5.05·1027

ABO rs79343853 9 136146310 C/T 1,111 75 0.167 0.066 2.95 (1.93-4.49) 5.05·1027

ABO rs8176644 9 136149150 T/C 1,111 75 0.167 0.066 2.95 (1.93-4.49) 5.05·1027

*The 60 SNPs with the lowest p values associated with the risk of revision surgery of the hip or knee joint due to aseptic loosening are listed. HRs
are adjusted for sex, age, and the first 4 genetic principal components.

Fig. 1

A Manhattan plot for aseptic loosening in which each dot indicates the p value for 1 SNP. The x axis shows the position of the investigated SNP within the

genome, and the y axis shows2log10 of the p value derived from the analysis of the risk of revision surgery for aseptic loosening. The lower the p value, the

higher that it plots on the y axis. Thehorizontal red linemarks theGWS-significant level of 5·1028; any p valueabove this line is regardedasGWS-significant.
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model and 0 if it adds none. All analyses were performed
using PLINK in combination with R (R Foundation for
Statistical Computing).

Source of Funding
Parts of this study were funded by the Swedish Research
Council (VR 2018–02612).

Fig. 2

A locusplot for aseptic loosening inwhicheachdot indicates thep value for 1SNP in thegene regioncoding for ELAPOR2. The xaxis shows thepositionof the

investigatedSNPwithin the genome, and the y axis shows2log10 of the p value derived from theanalysis of the risk of revisionsurgery for aseptic loosening.

The lower the p value, the higher that it plots on the y axis. The horizontal red line marks the GWS-significant level of 5·1028; any p value above this line is

regarded as GWS-significant. The most significant hit is shown in red.

Fig. 3

A locus plot for aseptic loosening in which each dot indicates the p value for 1 SNP in the gene region coding for SLC6A6. The x axis shows the position of the

investigatedSNPwithin the genome, and the y axis shows2log10 of the p value derived from theanalysis of the risk of revisionsurgery for aseptic loosening.

The lower the p value, the higher that it plots on the y axis. The horizontal red line marks the GWS-significant level of 5·1028; any p value above this line is

regarded as GWS-significant. The most significant hit is shown in red.
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Results
Study Population

The most common reason for TJA was primary osteoar-
thritis for both hips and knees; 84% of all hip arthro-

plasties and 93% of all knee arthroplasties were performed for
this reason. Revision surgery was more common after hip
(10.4%) than after knee (6.7%) arthroplasty. No differences in
baseline characteristics were found between twins with and

Fig. 4

A locus plot for aseptic loosening in which each dot indicates the p value for 1 SNP in the gene region coding for the ABO system. The x axis shows the

position of the investigated SNP within the genome, and the y axis shows2log10 of the p value derived from the analysis of the risk of revision surgery for

aseptic loosening. The lower the p value, the higher that it plots on the y axis. The horizontal red linemarks the GWS-significant level of 5·1028; any p value

above this line is regarded as GWS-significant. The most significant hit is shown in red.

Fig. 5

Implantsurvival,with revisionsurgeryduetoaseptic looseningastheendpoint,stratifiedbywhether themajoralleleat rs7853989ishomozygous.Theyaxisshowsthe

cumulative probability of survival, and the x axis shows the time in years since surgery. Blue indicates homozygosity for themajor allele (G/G, which indicates that the

individual most likely is not of blood group B), and red indicates either heterozygosity (G/C, C/G) or homozygosity (C/C) for theminor allele, suggesting blood group B.
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TABLE III Hip or Knee Revision Arthroplasty for Any Reason*

Gene SNP Chromosome Base Pair Minor/Major Total No.
No. of
Cases

MAF for
Cases

MAF for
Controls

HR
(95% CI) P Value

SLC6A6 rs62233562 3 14505533 G/A 1130 94 0.144 0.057 3.11 (2.19-4.40) 1.74·10210

SLC6A6 3:14506680 3 14506680 A/T 1130 94 0.144 0.058 3.11 (2.19-4.40) 1.78·10210

SLC6A6 rs2289129 3 14508311 T/C 1130 94 0.144 0.058 3.11 (2.19-4.40) 1.78·10210

SLC6A6 rs17309567 3 14508715 T/C 1130 94 0.155 0.068 2.97 (2.12-4.18) 3.16·10210

CAMTA1 rs11120968 1 7604392 A/G 1130 94 0.552 0.363 2.34 (1.74-3.13) 1.45·1028

— rs13081679 3 86756856 A/G 1130 94 0.150 0.072 2.86 (1.97-4.14) 2.63·1028

— rs34614265 8 101894575 G/C 1130 94 0.108 0.035 3.24 (2.12-4.94) 4.81·1028

— rs34726138 3 86805828 A/G 1130 94 0.144 0.073 2.71 (1.89-3.88) 6.54·1028

— rs35718639 3 86777612 A/C 1130 94 0.144 0.074 2.70 (1.88-3.87) 7.53·1028

— rs7930061 11 107184123 G/A 1130 94 0.335 0.197 2.24 (1.66-3.01) 9.57·1028

— rs78688365 9 38453992 T/C 1130 94 0.124 0.053 2.44 (1.75-3.41) 1.58·1027

ABO rs7853989 9 136131592 C/G 1130 94 0.165 0.074 2.65 (1.84-3.83) 1.61·1027

ELAPOR2 rs77149046 7 86617761 C/T 1130 94 0.088 0.035 3.84 (2.28-6.46) 3.86·1027

— rs117888823 15 44013999 C/T 895 69 0.107 0.036 3.57 (2.17-5.86) 5.07·1027

— 9:136123092 9 136123092 A/T 1130 94 0.150 0.064 2.57 (1.78-3.71) 5.35·1027

— rs79025229 20 54665987 A/G 1130 94 0.124 0.062 2.53 (1.76-3.64) 5.45·1027

— rs11906763 20 54741180 T/G 1130 94 0.124 0.060 3.03 (1.95-4.70) 7.50·1027

— rs6014614 20 54733628 C/A 1130 94 0.124 0.060 3.03 (1.95-4.70) 7.50·1027

— rs6024644 20 54731194 T/C 1130 94 0.124 0.060 3.03 (1.95-4.70) 7.50·1027

— rs6024645 20 54736770 C/T 1130 94 0.124 0.060 3.03 (1.95-4.70) 7.50·1027

— rs6024648 20 54739879 T/C 1130 94 0.124 0.060 3.03 (1.95-4.70) 7.50·1027

— rs6099014 20 54732154 G/A 1130 94 0.124 0.060 3.03 (1.95-4.70) 7.50·1027

— rs77061313 20 54744376 C/T 1130 94 0.124 0.060 3.03 (1.95-4.70) 7.50·1027

— rs56406989 11 7815139 C/A 1130 94 0.237 0.127 2.27 (1.64-3.13) 7.55·1027

— rs74945693 20 54728926 C/T 1130 94 0.124 0.060 3.02 (1.95-4.69) 7.89·1027

— 23:141912642 23 141912642 A/C 1130 94 0.150 0.056 1.87 (1.46-2.40) 8.14·1027

— 9:136126631 9 136126631 T/C 1130 94 0.170 0.087 2.29 (1.65-3.19) 8.65·1027

— rs2799745 9 38480706 T/C 1130 94 0.124 0.053 2.32 (1.66-3.25) 9.26·1027

ABO 9:136131022 9 136131022 T/C 1130 94 0.170 0.077 2.54 (1.75-3.70) 9.66·1027

ABO rs2073823 9 136132516 G/A 1130 94 0.170 0.078 2.54 (1.75-3.69) 1.05·1026

ABO rs7855255 9 136131895 A/G 1130 94 0.170 0.078 2.54 (1.75-3.69) 1.05·1026

ABO rs8176722 9 136132754 T/C 1130 94 0.170 0.078 2.54 (1.75-3.69) 1.05·1026

ABO rs8176730 9 136132525 A/C 1130 94 0.170 0.078 2.54 (1.75-3.69) 1.05·1026

ABO rs8176733 9 136132168 C/T 1130 94 0.170 0.078 2.54 (1.75-3.69) 1.05·1026

ADAM12 rs9422952 10 127846534 C/T 1130 94 0.113 0.046 2.84 (1.87-4.33) 1.05·1026

FRMD5 rs12903579 15 44373887 A/G 895 69 0.229 0.086 2.85 (1.87-4.34) 1.14·1026

ABO rs8176725 9 136132617 T/G 1130 94 0.170 0.078 2.53 (1.74-3.68) 1.15·1026

SLC6A6 rs17039625 3 14500265 A/C 1130 94 0.088 0.033 2.72 (1.82-4.07) 1.21·1026

SLC6A6 rs17237132 3 14499020 A/G 1130 94 0.088 0.033 2.72 (1.82-4.07) 1.21·1026

SLC6A6 rs74710075 3 14500505 T/C 1130 94 0.088 0.033 2.72 (1.82-4.07) 1.21·1026

SLC6A6 rs78099640 3 14501222 T/C 1130 94 0.088 0.033 2.72 (1.82-4.07) 1.21·1026

WWOX 16:78583951 16 78583951 T/C 895 69 0.121 0.042 3.62 (2.15-6.09) 1.21·1026

— rs61847243 10 61530137 G/C 1130 94 0.113 0.053 2.36 (1.66-3.34) 1.40·1026

SLCO2A1 rs80275930 3 133675153 A/G 1130 94 0.103 0.043 2.62 (1.77-3.87) 1.42·1026

— rs112894956 6 170551068 A/G 1130 94 0.093 0.035 3.27 (2.02-5.29) 1.43·1026

— 23:141851786 23 141851786 G/T 1130 94 0.139 0.050 1.85 (1.44-2.39) 1.62·1026

— 9:136127366 9 136127366 T/C 1130 94 0.150 0.064 2.52 (1.72-3.68) 1.82·1026

continued
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without revision TJA. The cohort consisted of 277 monozy-
gotic twins, 431 same-sex dizygotic twins, and 421 dizygotic
twins of opposite sexes; zygosity was unknown in 1 individual.
No twin pairs were concordant for revision TJA. The pro-
portions of revised individuals did not differ significantly
between monozygotic (11.6%) and dizygotic (7.4%) same-sex
twins (p = 0.08). For the 606 women and 524 men, the mean
age (and SD) at the primary surgery was 74 ± 9 years and the
mean body mass index (BMI) was 23 ± 3 kg/m2. See Table I
for more information.

Revision for Aseptic Loosening
Nine SNPs reached GWS (Table II, Fig. 1) for the primary out-
come (revision for aseptic loosening). The first SNP, rs77149046,
conferred a hazard ratio (HR) of 5.40 (95% confidence interval
[CI], 3.23-9.02; p = 1.32·10210) per minor allele and is located
in the endosome-lysosome associated apoptosis and autophagy
regulator familymember 2 (ELAPOR2) gene (Fig. 2).Within the
region coding for sodium-dependent taurine and beta-alanine
transporter (SLC6A6), we found 4 SNPs with HRs ranging from
3.35 to 3.43 (Fig. 3). The sixth SNP, rs7853989 (HR = 3.46; 95%
CI, 2.33 to 5.13; p = 6.91·10210; Fig. 4), is located in a gene
region coding for the ABO blood group system. Homozygosity
for the major allele (G/G) at this position indicates that the
individuals most likely are not in blood group B, whereas indi-
viduals with homozygosity for the minor allele (C/C) or heter-
ozygosity (C/G, G/C) are most likely in group B. Hence, we
estimated survival based on these categories (Fig. 5), finding a
significant difference in 10-year survival: 84.8% (95%CI, 78.3%
to 91.9%) for those patients likely to have blood type B versus
94.8% (95% CI, 92.8% to 96.7%; p = 7·1028) for those likely to
not have blood type B. In total, there were 17 SNPs within the
region coding for ABO blood type among the 60 SNPs with the
lowest p values.

Three more SNPs reached GWS; 2 are located in intron
regions (rs78688365: HR = 2.76; 95% CI, 1.95 to 3.91; p =
1.24·1028, and 9:136126631: HR = 2.82; 95% CI, 1.95 to 4.07;
p = 3.35·1028), and the third is within ELAPOR2 (7:86608983:
HR = 4.46; 95% CI, 2.62 to 7.59; p = 3.35·1028).

Because some SNPs were in linkage disequilibrium, we
performed an additional analysis adjusted for rs7853989
(data not shown). The analysis indicated that only the SNPs
within SLC6A6 were significantly associated with the risk of
revision.

In terms of predictive ability, a base survivalmodel including
age, sex, and the first 4 genetic principal components yielded a
C-statistic of 0.671. Adding each of the top SNPs from ELAPOR2
(rs77149046), SLC6A6 (rs17309567), and ABO (rs7853989) to the
base model, the C-statistic increased by 0.029, 0.066, and 0.056,
respectively, with corresponding FNIs of 0.464, 0.431, and 0.442.
Adding all 3 SNPs to the base model, the C-statistic increased by
0.116 to 0.787, with an FNI of 0.670.

Revision for Any Reason
We identified 7 SNPs associated with the secondary outcome
of revision surgery for any reason (Table III), with the leading
4 signals located in the gene region coding for SLC6A6 (Fig.
6). The first SNP, rs62233562, conferred an HR of 3.11 (95%
CI, 2.19 to 4.40; p = 1.74·10210) per minor allele. Similar
HRs were obtained for the subsequent 3 SNPs, which were 3:
14506680 (p = 1.78·10210), rs2289129 (p = 1.78·10210), and
rs17309567 (p = 3.16·10210). The fifth SNP was located on
chromosome 1 in the calmodulin-binding transcription
activator 1 (CAMTA1) gene (rs11120968: HR = 2.34; 95%
CI, 1.74 to 3.13; p = 1.45·1028), followed by 2 SNPs posi-
tioned at intron regions on chromosomes 3 and 8. Overall,
there was considerable overlap in SNPs associated with the
primary and secondary outcomes.

TABLE III (continued)

Gene SNP Chromosome Base Pair Minor/Major Total No.
No. of
Cases

MAF for
Cases

MAF for
Controls

HR
(95% CI) P Value

— rs77159992 6 17099766 T/C 1130 94 0.196 0.090 2.32 (1.64-3.28) 1.92·1026

— rs79873226 6 17101920 T/C 1130 94 0.196 0.090 2.32 (1.64-3.28) 1.92·1026

SLC6A6 rs2289127 3 14513925 A/G 1130 94 0.119 0.052 2.79 (1.83-4.25) 1.95·1026

SLC6A6 rs2289128 3 14513695 A/G 1130 94 0.119 0.052 2.79 (1.83-4.25) 1.95·1026

SLC6A6 rs3773170 3 14512288 T/C 1130 94 0.119 0.052 2.79 (1.83-4.25) 1.95·1026

SLC6A6 rs3773171 3 14512093 A/G 1130 94 0.119 0.052 2.79 (1.83-4.25) 1.95·1026

SLC6A6 rs3773172 3 14511699 C/T 1130 94 0.119 0.052 2.79 (1.83-4.25) 1.95·1026

SLC6A6 rs3773174 3 14510861 T/G 1130 94 0.119 0.052 2.79 (1.83-4.25) 1.95·1026

SLC6A6 rs9820113 3 14517999 T/C 1130 94 0.119 0.052 2.79 (1.83-4.25) 1.95·1026

SLC6A6 rs9868733 3 14513180 G/A 1130 94 0.119 0.052 2.79 (1.83-4.25) 1.95·1026

— rs117168822 17 49652756 T/C 1130 94 0.088 0.034 3.48 (2.08-5.83) 1.98·1026

— 9:136128000 9 136128000 G/A 1130 94 0.150 0.065 2.50 (1.71-3.65) 2.34·1026

— 9:136128558 9 136128558 C/T 1130 94 0.150 0.065 2.50 (1.71-3.65) 2.34·1026

*The 60 SNPs with the lowest p values associated with the risk of revision surgery of the hip or knee joint for any reason are listed. HRs are adjusted for sex, age, and
the first 4 genetic principal components.
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Discussion

We identified previously undescribed risk loci for revision
TJA performed for either aseptic loosening or any rea-

son. Some of these SNPs are located in the region that encodes
for proteins in the ABO system. Homozygosity for the minor
allele or heterozygosity at rs7853989 has been described as
predictive for having blood type B23.

Hitherto, gene-specific candidate-driven studies investigating
osteolysis followingTJA as an outcomewere able to detect numerous
SNPs of interest6,8-10, predominantly within genes encoding for pro-
teins associated with the inflammatory response. However, findings
from such candidate-driven approaches aremethodologically flawed
because of small sample sizes, inadequate estimation of effect sizes,
and false presumptions of the underlying biologics when selecting
certain genome regions of interest24. Exemplifying this problem,
Bachmann et al. initially reported an association of an SNP in the
GNAS (guanine nucleotide-binding protein, alpha-stimulating
activity polypeptide) locus with the occurrence of early aseptic
loosening25 yet failed to replicate these findings in a larger study26.

MacInnes et al.13 performed a GWAS on 2 cohorts from
Norway and the U.K., each consisting of patients with or
without osteolysis. The authors detected 5 independent sug-
gestive signals, yet none of these signals reached GWS. The
SNPs with the highest risk linked to osteolysis identified in their
study were not found among or in linkage with the risk SNPs
identified in our study.

The leading signal for our primary outcome within the
ELAPOR2 gene is worth considering when planning future
studies designed to investigate causal relationships. ELAPOR2,
which regulates the bone morphogenetic protein (BMP) sig-
naling pathway, is located intracellularly in the endoplasmic
reticulum in various tissues including bone marrow27. With

BMP being one of the main regulators of osteoblast activity and
bone formation, alterations in ELAPOR2 expression or func-
tion could reduce bone remodeling around implants. Of note, 6
additional SNPs within the ELAPOR2 gene region were found
among the 60 leading signals, albeit failing to reach GWS.

SLC6A6 messenger RNA (mRNA) and protein are ex-
pressed in many tissues, including bone marrow, and the latter
works as a multi-pass membrane protein. Studies on knockout
mice lacking the taurine receptor reported decreased intracel-
lular taurine levels, as expected, as well as reduced physical
exercise capacity and a lower BMI28.

CAMTA1 mRNA and protein are almost ubiquitously
expressed in human tissues, including bone marrow. The
protein is thought to be a transcription factor and might work
as a tumor suppressor29. Several risk loci within the region
coding for CAMTA1 are associated with periodontitis, a pro-
cess accompanied by excessive local bone loss30.

Our findings of significant SNPs in the region coding for
the ABO system are noteworthy. Several studies have found that
SNPs coding for the ABO system are associatedwith an increase in
interleukin-631, a pro-inflammatory cytokine essential in inflam-
matory response mechanisms leading to implant loosening32.
Moreover, risk loci within the region coding for the ABO system
have been linked to alterations in tumor necrosis factor-a, truncal
fat mass, and bone mineral density33,34. Newman et al. described a
higher risk of venous thromboembolism in patients with type AB
blood after TJA35, indicating that specific blood groups affect the
risk of surgery-specific complications.Our leading SNPwithin the
ABO system, rs7853989, is indicative of certain blood types23. This
implies that patients with type B blood may have a higher risk of
undergoing revision surgery than those with non-B blood types.
One possible speculation is that blood groups are proxy measures

Fig. 6

AManhattan plot for revision for any reason in which each dot indicates the p value for 1 SNP. The x axis shows the position of the investigated SNP within

the genome, and the y axis shows2log10 of the p value derived from the analysis of the risk of revision surgery for any reason. The lower the p value, the

higher that it plots on the y axis. Thehorizontal red linemarks theGWS-significant level of 5·1028; any p valueabove this line is regardedasGWS-significant.
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of certain inflammatory profiles that put patients with specific
blood groups at higher risk for revision surgery after TJA.

Weaknesses and Strengths
There are obvious limitations to our study. First, our sample size is
small in the context of a GWAS, making the detection of signals
that are only of moderate strength improbable. Furthermore, we
did not have access to a replication cohort. AGWAS can only state
associations; we cannot draw causal inferences. For instance, being
homozygotic for the minor allele at rs77149046 could lead to an
upregulation or downregulation of the expression of ELAPOR2.
Our analysis relies on the accuracy of coding, a source of error
common to all observational studies. Seventy-five of 94 revisions
were coded as aseptic loosening; given what is known about the
distribution of diagnoses causing revision TJA14, that is a rela-
tively high proportion even though aseptic loosening is the most
frequent cause of revision surgery. Furthermore, the coding of
the majority of revision cases as aseptic loosening probably
caused the overlap of our findings for the primary and secondary
outcomes. We chose to analyze both hip and knee revision
surgery as a pooled group. A stratified analysis offered different
results for these 2 joints (see Appendix Tables 2 through 5), yet
the rather small number of individuals in each subgroup
introduced uncertainty. Because there were no twin pairs con-
cordant for revision TJA, broad-sense heritability as expressed by
Falconer’s formula could not be estimated.

Themajor limitation of our study is the lack of information
on several patient and surgery-related risk factors for revision TJA
other than sex and age at the primary surgery. For instance, BMI
affects outcomes after both primary and revision TJA. Yet, BMI
was not included in our models because information on this
variable was missing in approximately half of the cohort. The
potential effects of these unmeasured risk factors would then be
wrongly attributed to the SNPs under investigation.

Despite these limitations, our study has several strengths.
First, the NPR and STR have excellent coverage and complete-
ness, and the positive predictive value of the NPR for various
diagnoses and treatment codes has been estimated to be 85% to
95%36. Second, the PIN minimizes the risk of missing data and
thus reduces the likelihood of collider stratification bias. Third,

choosing the clinically important end point of revision TJA
enables us to focus on a phenotype relevant to patients and care
providers. In contrast to osteolysis, which can be silent and of no
importance or harm to the affected patient, revision TJA is a
clinically relevant end point. Even though we cannot estimate
the total effect size of the combined polygenetic risk profile
identified in this study, identifying certain risk loci associated
with higher HRs for revision surgery may improve informed
decision-making even before the primary TJA.

Conclusions
We identified 12 novel genetic risk loci associated with the
risk of revision surgery after TJA, many located in gene
regions that may be causally linked to the underlying path-
ophysiology of implant loosening. The identified risk loci
must be replicated and validated by GWAS in future studies
and considered for knock-in animal studies. Because we
found that SNPs indicative of certain blood types were
associated with the risk of revision due to aseptic loosening,
the effect of blood group type on the risk of revision TJA
should be further investigated.
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replacement: cumulative results from worldwide joint register datasets. J Bone Joint
Surg Br. 2011 Mar;93(3):293-7.
2. Abu-Amer Y, Darwech I, Clohisy JC. Aseptic loosening of total joint replacements:
mechanisms underlying osteolysis and potential therapies. Arthritis Res Ther. 2007;
9(Suppl 1):S6.
3. Cherian JJ, Jauregui JJ, Banerjee S, Pierce T, Mont MA. What Host Factors Affect
Aseptic Loosening After THA and TKA? Clin Orthop Relat Res. 2015 Aug;473(8):
2700-9.
4. Bayliss LE, Culliford D, Monk AP, Glyn-Jones S, Prieto-Alhambra D, Judge A,
Cooper C, Carr AJ, Arden NK, Beard DJ, Price AJ. The effect of patient age at inter-
vention on risk of implant revision after total replacement of the hip or knee: a
population-based cohort study. Lancet. 2017 Apr 8;389(10077):1424-30.
5. Sayed-Noor AS, Mukka S, Mohaddes M, Kärrholm J, Rolfson O. Body mass index
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Wedemeyer C, Bachmann HS. Relationship between GNAS1 T393C polymorphism
and aseptic loosening after total hip arthroplasty. Eur J Med Res. 2017 Aug 23;
22(1):29.
27. The Human Protein Atlas. KIAA1324L protein expression summary. Accessed
2021 Jul 30. https://www.proteinatlas.org/ENSG00000164659-KIAA1324L
28. Warskulat U, Heller-Stilb B, Oermann E, Zilles K, Haas H, Lang F, Häussinger D.
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