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Abstract
BACKGROUND
[bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK91]Polyethylene (PE) particles produced by wear of the acetabular insert are thought to cause osteolysis and thereby aseptic loosening of the implant in total hip arthroplasty (THA). As highly cross-linked polyethylene (HXLPE) is presumed to give lower wear rates, in vivo studies are needed to confirm this. 

AIM
[bookmark: OLE_LINK112][bookmark: OLE_LINK113]To compare the wear of REXPOL, a HXPLE, with conventional PE within the first five years after implantation using Roentgen stereophotogrammetric analysis (RSA).

METHODS
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Patients were randomised to receive either a HXLPE (REXPOL) or a conventional PE insert during primary THA. RSA images were obtained directly postoperative and after 6 wk, 12 wk, 6 mo, 12 mo, 24 mo and five years. Functional outcomes were assessed using the Hip Injury and Osteoarthritis Outcome Score and Harris Hip Score at baseline and five years after surgery.

RESULTS
The HXLPE (REXPOL) showed less wear in the latero-medial direction. Significant wear rates of conventional PE were seen in the latero-medial and center-proximal direction and in volume and corrected volume, whereas the REXPOL did not show these outcomes over time. Improvement from baseline in functional outcome did not significantly differ.

CONCLUSION
Total 3D wear is less in THAs inserted with a REXPOL inlay than a conventional PE inlay after five years. This study confirms, for the first, that the REXPOL HXLPE inlay is preferred to standard PE.

[bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31]Key words: Highly cross-linked polyethylene; Primary total hip arthroplasty; Polyethylene wear; Roentgen stereophotogrammetric analysis

van Loon J, Hoornenborg D, Sierevelt I, Opdam KT, Kerkhoffs GM, Haverkamp D. Highly cross-linked versus conventional polyethylene inserts in total hip arthroplasty, a five-year Roentgen stereophotogrammetric analysis randomised controlled trial. World J Orthop 2020; In press

[bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK32][bookmark: OLE_LINK33]Core tip: Polyethylene (PE) particles produced by wear of the acetabular insert can cause osteolysis and thereby aseptic loosening of the implant in total hip arthroplasty (THA). As highly cross-linked polyethylene (HXLPE) is presumed to result in lower wear rates, we performed a randomised controlled trial (RCT) using Roentgen stereophotogrammetric analysis with a five-year follow-up period. This RCT showed, for the first time, that five-year total 3D wear was less in THAs inserted with REXPOL HXLPE and hereby confirms that this inlay is preferred to standard PE.


INTRODUCTION
Since the introduction of total hip arthroplasty (THA) in the 1960s, the incidence of this procedure has been increasing. Although THA is one of the most successful orthopaedic procedures, the main causes of late revisions are wear, and the resulting osteolysis causing aseptic loosening of the implant[1]. 
Therefore, the search to minimise wear continues and several bearing couplings over time have been tried, of which polyethylene (PE) with a ceramic head still remains the best option[2]. However, wear still occurs due to existing friction, resulting in progressive loss of material and the presence of microparticles. These PE particles induce a foreign-body reaction, which results in osteolysis[3]. The number of wear particles produced, the material used, and its morphological form determine the severity of the aforementioned reaction[4]. In response to this problem of PE wear, a highly cross-linked PE (HXLPE) has been developed. Following irradiation, free-radicals are formed, creating cross-links in the PE, which are increased by heating and reduce wear[5]. Depending on the type and dose of irradiation and the type of PE used as the control group, wear can be decreased by 42%-100% compared to traditional PE[6].
To determine the performance of an implant, a standardised and reliable method is required to measure wear. Stilling et al[7] demonstrated that wear in different directions combined with volume wear of acetabular inserts can be calculated accurately using Roentgen stereophotogrammetric analysis (RSA). As wear is one of the most important reasons for revision in THA, and therefore an indicator of long-term survival, HXLPE could reduce the number of revisions needed in the future. To prove this, in vivo analyses with RSA are needed to confirm that the in vitro results are confirmed in the real setting. 
The objective of this randomised controlled trial (RCT) was to compare the wear of two different inlays, the HXLPE (REXPOL) and conventional PE acetabular inserts with similar ceramic head articulation, within the first five years after implantation. 
Our hypothesis was that total 3D wear after five years in the REXPOL group would be less than that in the conventional PE group. 

MATERIALS AND METHODS
Ethical approval/registration
This single center RCT was granted ethical approval by the local ethics committee review board of the Slotervaart Medical Center (registration number: NL23524.048.08; Dutch trial register: NL5605). The design and reporting of this study were conducted in accordance with the Consolidated Standards of Reporting Trials (CONSORT) principles.

Study design
This was a single center, double-blind RCT comparing HXLPE (REXPOL, Smith and Nephew) to standard PE acetabular inserts (Standard PE, Smith and Nephew) with similar ceramic head (Biolox, Smith and Nephew) articulation. Both the patients and investigators were blinded with regard to the group patients were assigned to. RSA analysis was performed in a blinded mode. Randomisation was performed by the use of numbered opaque envelopes, containing the prescribed PE insert. The orthopaedic surgeon randomly received those envelopes and opened them prior to the procedure. 

Eligibility
Between January 2011 and January 2014, patients undergoing THA in the Slotervaart Medical Center were included in this study after completing an informed consent if they met the inclusion criteria (Table 1).

Sample size
Previous RSA studies showed a high degree of sensitivity and accuracy of measurements of migration; relatively small patient groups showed a statistically significant outcome[8]. Standard PE has a linear wear rate of around 0.06-0.08 mm/year, whereas REXPOL is expected to show almost no wear over five years. A recent publication on five-year wear results in THA measured by RSA, revealed a mean 3D wear of 0.23 mm (95%CI: 0.17-0.29) for HXLPE vs 0.41 mm (95%CI: 0.32-0.50) for conventional PE[9]. Based on this difference in wear of 0.18 mm, a SD of 0.21 and a power of 80%, a sample size of 21 patients was required in each group, to identify a statistically significant difference at the 0.05 significance level. 

[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Surgical procedure
[bookmark: OLE_LINK8]All THAs were performed in the Slotervaart Medical Center in the standardised way using a straight lateral approach, according to the surgical technique described by the manufacturer of the implants. All patients received the same uncemented acetabular cup (EP-FIT PLUS, Smith and Nephew) and a titanium uncemented Zweymuller femoral stem implant (SL-PLUS, Smith and Nephew) with the same ceramic head articulation (Biolox, Smith and Nephew). As inclination of > 45˚ gives more wear, the navigated position of the cup is aimed to be between 40 and 45˚ of inclination and 15 to 25˚ of anteversion[10,11]. In these series, computer navigation was used to determine this position (CT free navigation Galileo, Plus Orthopedic AG, Switzerland). The liner used was either a HXLPE liner (REXPOL, Smith and Nephew) or a standard PE liner (Standard PE, Smith and Nephew). Leg length and femoral offset were aimed to be identical to the contralateral side. In addition to this procedure, at least five well-scattered tantalum markers were installed (ø 1.0 mm) with a specially designed insertion instrument into the bone around the stem component to obtain skeletal landmarks. 

RSA outcomes
Patient demographics were recorded at baseline. RSA evaluations were performed postoperatively, after receiving the same standard rehabilitation program, within one week, at 6 wk, 3 mo, 6 mo, 12 mo, 24 mo and 60 mo after implantation. RSA measurements were performed as described in the guidelines of Valstar et al[8], in the supine position using a uniplanar calibration box (Medis CarbonBox nr. 011, Medis Specials, Leiden, Netherlands). Analysis of the radiographic images was carried out with the model-based RSA Software, version 4.1 (RSAcore, Dept. of Orthopaedics, LUMC, Netherlands). The RSA system resulted in anteroposterior and lateral views of the hip simultaneously. The RSA at four to seven days postoperatively was used as a baseline. By using the implanted tantalum balls that were fixed in the bone around the implant, the position of the implant relative to the bone was accurately assessed using a model-based RSA technique (Figure 1). With this technique the 2D head penetration as a measure of linear wear was measured in millimetres by the proximal-distal migration (A-axis) and medial-lateral migration (B-axis). Using this penetration, the thickness of the inlay could be calculated in millimetres. Additionally, the anterior-posterior migration (C-axis) was measured to calculate 3D head penetration, to determine the volume. The volume of the PE inlay was determined (in mm3/year) to measure the number of millimetres of linear wear/year. Normally wear occurs in the upward direction, in a cylindrical shape. However, as the wear is not only in a neat upwards direction, but also in other angles or directions, a corrected volume was also calculated, according to the formula of Hashimoto[12]. This formula has been validated as the most accurate way to determine volume wear from linear wear[13]. 

Functional outcomes
[bookmark: OLE_LINK150][bookmark: OLE_LINK151][bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK152][bookmark: OLE_LINK153]The pain and activity of daily living (ADL) domains of the Hip Injury and Osteoarthritis Outcome Score (HOOS) were assessed pre-operatively, and after five years by a research nurse[14]. The HOOS was constructed to assess patient-relevant outcomes in five separate subscales: pain, symptoms, ADL, sport and recreation function and hip-related quality of life. The sum scores of the domains in this questionnaire are transformed into a zero to 100, worst to best scale. Another functional questionnaire assessed, was the Harris Hip Score (HHS)[15]. This questionnaire was focussed on pain and function, completed by range of motion and deformity. The maximum of 100 points is the best possible outcome. 

Statistical analysis
Statistical analyses were performed with IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY, United States). After confirmation of normal distribution, continuous variables are presented as mean ± SD. Categorical data are described as numbers with accompanying proportions. A mixed model analysis was performed to evaluate the amount of wear between both groups during follow-up. The effect of the different inlay was considered as a model factor and interaction with the follow-up time was evaluated to assess the differences in progression of wear in both inlays. The difference in wear at final follow-up was assessed by the Student’s t-test. To assess the differences of the PROMs between the inlay groups after five years, univariate as well as multivariate regression analyses were performed to adjust for potential confounders such as demographics. The differences were significant if the P-values were less than 0.05. All statistical methods in this study were performed by a biomedical statistical expert (Inger N Sierevelt).

RESULTS
A total of 51 consecutive patients were included in this study at baseline. Figure 2 shows a flow chart of the patients during this study. Seven patients were excluded, and the remaining 44 patients were included in our analysis; 22 in the REXPOL and 22 in the Standard PE insert group. During follow-up, five patients in the REXPOL group and three in the Standard PE group were lost to follow-up. The patient demographics and baseline characteristics of both groups were comparable and are shown in Table 2. No significant differences were seen in cup sizes between the two groups and no revisions were needed during follow-up in either group.

RSA migration
The total wear of the inlay measured from baseline showed less wear in all directions in the REXPOL group, which was significant in the REXPOL group in the latero-medial direction. All results of total wear measured from baseline are shown in Table 3. Due to a significant interaction between cup type and follow-up time, the wear pattern during follow-up of the REXPOL and Standard PE inlay were analysed separately. These wear patterns over the years showed greater wear in all directions in the conventional PE group, which is shown in Figures 3-6. The corresponding wear rates over this time period in Table 4 show that in all directions and volumes calculated, conventional PE had significant wear rates, whereas REXPOL did not show this outcome over time. The RSA images showed no signs of osteolysis. 

Functional outcomes
The functional questionnaires were obtained at five years, to detect potential differences in functional outcomes. These results are shown in Table 5, with no significant differences observed. 

DISCUSSION
The main finding of this study is that total 3D wear was less in the REXPOL group than in the standard PE group, with significant less wear in the medial direction after five years. Moreover, the wear rates in the medial and proximal direction and in both volume and corrected volume were significant in the standard PE group, but not in the REXPOL group. 
Several in vivo studies have shown that HXLPE can reduce wear in comparison with normal PE inlays in THA[16]. However, only one study investigated the results of REXPOL in vivo, without randomisation and RSA analysis[17]. The outcomes in that study supported our findings of reduced wear in the REXPOL group, with approximately 70% less wear at the five-year follow-up. Therefore, this study is the first to present randomised clinical RSA data regarding the REXPOL liner. 
In other in vivo studies using RSA, a systematic review performed by Callary et al[18] showed that only 12 cohorts comprising 260 THAs have compared the outcomes of HXLPE vs normal PE. Their recommendations on standardisation of reporting RSA outcomes are applied in our study. However, the studies included in their review assessed different inlays and not all of them were randomised. Thus, our study contributes to their statement that more longer-term standardised studies are needed to improve our understanding of the factors related to wear. Moreover, this will provide a better indication of the chance of osteolysis and as a result loosening of the cup and revision in the longer term. 
A literature review by Dumbleton et al[19] showed that a threshold for wear of 0.05 mm/year would eliminate osteolysis. Although both standard PE and REXPOL showed wear rates below this threshold in our study, the long-term wear of REXPOL is still unclear. Long-term results were reported in the study by Broomfield et al[20] using another brand of HXPLE with the same low wear rates at 12 years. Rates of 0.03 mm/year were seen in the standard PE group and 0.003 mm/year in the HXLPE group, with higher wear rates in patients with osteolysis. Their long-term outcomes were supported by several studies showing ten-year or longer wear rates in favour of HXLPE[21-23]. Moreover, the study by Oparaugo et al[24] clarified the correlation between wear debris-induced osteolysis, volumetric wear-rates and revision. 
Despite this correlation, subsequent concern was raised that HXLPE microparticles would show increased bioactivity in vivo as this had been observed in in vitro studies, since these particles are smaller than conventional PE[25-27]. However, the in vivo study by Lachiewicz et al[28] showed that at 10 to 14 years, small osteolytic lesions were also seen with HXLPE. Broomfield et al[20] supported this outcome and showed 50% osteolysis after 12-years with conventional PE vs 4% with HXPLE, which was statistically significant. This shows that HXLPE wear particles are not more biologically active than conventional PE and may not elevate the risk of osteolysis. 
As osteolysis is one of the main reasons for loosening of the cup, the aforementioned results on long-term reduction of osteolysis become even more clinically relevant if a reduction in revisions is seen over time. The study by Hanna et al[29] showed less wear in the HXLPE group and as a result no osteolysis or revisions at 13-years in the HXPLE group with an implant survival rate of 100% vs 86% in the conventional PE group. De Steiger et al[30] also confirmed this in a large observational study and showed a 16-year cumulative revision rate of 11.7% with conventional PE vs 6.2% with HXLPE. The aforementioned outcomes confirm that the lower wear rates of HXLPE as seen in our study can reduce the risk of osteolysis when compared to conventional PE and can also reduce revision rates in the longer term.
By measuring wear as the slope of the amount of penetration in the different directions, some negative results on wear are seen in this study. These negative wear rate outcomes have been reported in previous studies[1,31-35]. However, this may be due to lower wear rates of HXLPE being harder to accurately measure compared to conventional PE. Although RSA is considered the best way to measure wear of a prothesis, it has an accuracy range of 0.022 mm to 0.086 mm, depending on the direction of measurement. In the case of HXPLE with even lower wear rates, it becomes more challenging to determine small amounts of wear[36]. Therefore, it becomes more important to have large cohorts to detect significant differences. As our study was carried out with small cohorts, the wear results should be interpreted while bearing this in mind. The expectation is that in the longer term these wear rates can be calculated more accurately for HXLPE, because they will be determined outwith the threshold. Since our RSA analysis was performed while in the supine position, another explanation of the negative wear rates is subluxation of the femoral head while lying. However, this was not confirmed by the review conducted by Callary et al[18] who showed no differences between the studies on supine or standing RSA. To overcome problems of negative wear results, long-term results of HXLPE wear are needed. 
According to the outcomes in favour of HXLPE, this study confirms that the use of inlays such as the REXPOL, is preferred in THAs.

Limitations
The clinical outcomes of our study were measured to assess any major drawbacks of standard PE or HXLPE at the five-year follow-up. As improvement from baseline was seen in both groups with no significant differences between the groups, no practical disadvantages were seen by preferring one inlay over the other. As the study was not powered by clinical outcomes, further research is needed to investigate these outcomes. 

Implications for further research
This study showed, for the first time, that REXPOL resulted in less wear in the short-term in a randomised setting by RSA. Therefore, further investigation of wear over a longer period should be performed, to confirm that REXPOL can reduce the risk of osteolysis and consequently reduce revision rates in THA. Also, more research needs to be carried out to overcome problems of minimal differences in wear rates. In addition, research on other variables that influence wear such as activity, weight and surgical factors such as inclination of the acetabular component should be performed.

CONCLUSION
Total 3D wear is less with REXPOL inlay than with conventional PE inlay in THAs after five years. This study confirmed, for the first time, that the REXPOL HXLPE inlay is preferred to the standard PE inlay.

ARTICLE HIGHLIGHTS
Research background
Highly cross-linked polyethylene (HXLPE) inlay in total hip arthroplasty (THA) is thought to result in lower wear rates in vivo, compared to conventional polyethylene.

Research motivation
More in vivo studies are needed, especially those using Roentgen stereophotogrammetric analysis (RSA), to confirm the advantage of HXLPE over conventional polyethylene (PE). 

Research objectives
The objective of the study was to compare wear of the HXLPE (REXPOL) and conventional PE acetabular inlay with similar ceramic head articulation, within the first five years after implantation.

Research methods
A double-blind randomised controlled trial was performed to compare wear of REXPOL, a HXLPE, with conventional PE within the first five years after implantation using RSA. 

Research results
The HXLPE (REXPOL) inlay showed less wear in the latero-medial direction. Significant wear rates of the conventional PE inlay were seen in the latero-medial and center-proximal direction and in volume and corrected volume, whereas the REXPOL inlay did not show this outcome over time.

Research conclusions
Total 3D wear is less with the REXPOL (HXLPE) inlay than with the conventional PE inlay in THAs after five years.

Research perspectives
Further investigations into the long-term wear and factors that might influence wear rates should be conducted, to confirm that HXLPE (REXPOL) can reduce the risk of osteolysis and consequently reduce revision rates in THA. In addition, an investigation of the impact of wear reduction by HXPLE on the functional outcomes of patients is required.
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Figure Legends
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[bookmark: OLE_LINK114][bookmark: OLE_LINK115]Figure 1 Model of Roentgen stereophotogrammetric analysis technique. Model of Roentgen stereophotogrammetric analysis technique on right-sided acetabular component after insertion of tantalum markers, by measuring the penetration of the head in the proximal-distal (A-axis), medial-lateral (B-axis) and anterior-posterior migration (C-axis) direction.
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Figure 2 Flow chart of follow-up. PE: Polyethylene; RSA: Roentgen stereophotogrammetric analysis.
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Figure 3 Wear of the inlay in the medial direction in mm over time (months).
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Figure 4 Wear of the inlay in the proximal direction in mm over time (months).
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Figure 5 Volumetric wear of the inlay in mm3 over time (months).
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Figure 6 Corrected volumetric wear of the inlay in mm3 over time (months).

Table 1 Inclusion and exclusion criteria
	Inclusion 
	Exclusion

	Primary arthroplasty due to: 
	Patients who recently suffered:

	Primary osteoarthritis
	Post-operative osteoarthritis

	Avascular necrosis
	Charnley C osteoarthritis

	Femoral neck fracture
	Infection of the hip

	Hip dysplasia
	

	Age between 60 - 75 yr at surgery
	Prior osteotomy or arthroplasty of the affected hip

	Willing to comply with the post-operative review program
	Under treatment for osteoporosis

	
	Body mass index > 35 kg/m2

	
	Requiring cortisone medication




Table 2 Patient and baseline characteristics
	
	Conventional PE
	REXPOL

	Number of patients, n (%)
	25 (49)
	26 (51)

	Gender, n (%)
	
	

	Male
	10 (40)
	10 (39)

	Female
	15 (60)
	16 (59)

	[bookmark: OLE_LINK132][bookmark: OLE_LINK133]BMI, mean ± SD kg/m2
	26.7 ± 2.9
	27.2 ± 3.4

	Age at operation in years, mean ± SD
	68.5 ± 4.6
	68.6 ± 5.1

	[bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK130][bookmark: OLE_LINK131]HOOS pain, mean ± SD
	46.5 ± 21.6
	51.1 ± 17.7

	[bookmark: OLE_LINK142][bookmark: OLE_LINK143]HOOS ADL, mean ± SD
	41.1 ± 16.6
	46.0 ± 17.2

	[bookmark: OLE_LINK144][bookmark: OLE_LINK145]HHS, mean ± SD
	50.6 ± 12.7
	54.6 ± 10.9


[bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK146][bookmark: OLE_LINK147]PE: Polyethylene; BMI: Body mass index; HOOS: Hip injury and osteoarthritis outcome score; ADL: Activity of daily living; HHS: Harris hip score.

Table 3 Total wear in all directions at the five-year follow-up, presented as mean with ranges
	
	Conventional PE
	REXPOL
	P value

	Medial (mm)
	-0.128 (-0.202 to -0.054)
	0.013 (-0.054 to 0.081)
	0.006

	Proximal (mm)
	0.196 (0.054 to 0.338)
	0.017 (-0.120 to 0.154)
	0.07

	Volume (mm3)
	113.39 (-2.48 to 229.26)
	-30.59 (-167.16 to 105.98)
	0.10

	Corrected volume (mm3)
	121.6 (17.76 to 225.46) 
	-12.45 (-122.94; 98.03) 
	0.07


PE: Polyethylene.

Table 4 Mean wear rates per year, presented as mean with ranges
	
	Conventional PE
	P value
	REXPOL
	P value

	[bookmark: OLE_LINK134][bookmark: OLE_LINK135]Medial (mm/yr)
	-0.021 (-0.028 to -0.015)
	< 0.001
	0.004 (-0.002 to 0.009)
	0.21

	Proximal (mm/yr)
	0.033 (0.018 to 0.047)
	< 0.001
	0.003 (-0.011 to 0.017)
	0.66

	[bookmark: OLE_LINK136][bookmark: OLE_LINK137]Volume (mm3/yr)
	15.94 (2.729 to 29.15)
	0.02
	-5.545 (-20.36 to 9.269)
	0.46

	Corrected volume (mm3/yr)
	18.53 (7.188 to 29.86) 
	0.002
	-2.142 (-14.13 to 9.841)
	0.72


PE: Polyethylene.


	Table 5 Functional outcomes at the five-year follow-up, presented as mean with 95%CI

	
	Univariate
	Multivariate

	
	Conventional PE (n = 17)
	REXPOL (n = 17)

	P value
	Adjusted β-coefficient
	P value

	HOOS pain
	93.8 (86.8; 100)
	85.9 (77.1; 94.7)
	0.15
	-3.3 (-14.9; 8.3)
	0.57

	HOOS ADL
	89.0 (81.2: 96.8)
	77.6 (66.6; 88.5)
	0.08
	-8.6 (-23.3; 6.1)
	0.24

	HHS
	89.7 (83.0; 96.4)
	86.5 (78.8; 94.2)
	0.51
	0.15 (-10.1; 10.4)
	0.98


PE: Polyethylene; HOOS: Hip injury and osteoarthritis outcome score; ADL: Activity of daily living; HHS: Harris hip score.
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