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ABSTRACT

Introduction: The ceramic-on-metal (CoM) bearing has the theoretical advantages over
ceramic-on-ceramic (CoC) and metal-on-metal (MoM) bearings. The advantages include
lower risks of squeaking, fracture and metal ion production compared to MoM coupling. The
objective of this study was to analyze factors that affect the metal ion release of the CoM

bearing and to compare clinical performance with CoC bearings.

Methods: We enrolled 173 total hip arthroplasty (THA) cases of 146 patients into 2 groups.
Group 1 (CoM group) had 114 cases of THA in 96 patients, while Group 2 (CoC group) had
59 cases in 51 patients. In addition, within the group 1, 48 patients and 30 patients were sub-
categorized into group 1-A with leg length change (LLC) less than 1 cm and into group 1-B
with LLC greater than 1 cm. The level of serum metal ions was measured before operation
and postoperative 3 months, 6 months, 1 year and annually thereafter. Functional scores and

plain radiographs were obtained for the analysis.

Results: The level of cobalt (Co) 2 years after surgery and the level of chromium (Cr) 1
year after surgery showed significantly higher in the group 1 than the group 2 (Co: P < 0.041;
Cr: P<0.001). LLC indicated statistically significant positive correlation between serum metal
ion levels (Co: r=0.211, p = 0.046; Cr: r = 0.281, P = 0.007) among CoM bearing THAs. In
comparison of the average metal ions level changes, group 1-B showed higher level of Co ion

(P =0.055) and of Cr ion (P = 0.025) than group 1-A.

Conclusion: Patients who underwent with CoM bearing THAs with large LLC are at higher
risks of complications associated with metal ions. Thus, in these patients, long-term follow-up

measures are necessary for detection of serum metal ion levels.
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I. Introduction

As total hip arthroplasty (THA) increases in young, healthy and active patients, the demand
for hard-on-hard bearing surface is also increasing (1, 2). In order to improve a long-term
survival of THA, hard-on-hard bearings, such as ceramic-on-ceramic (CoC) and metal-on-
metal (MoM), are often used. Despite its lower rate of wear and osteolysis, ceramic breakage
due to brittleness of CoC bearing has been often reported (3). Several studies have reported
that CoC bearing produce 0.004% head fracture and 0.22% liner fracture (4-6). On the other
hand, main concerns for MoM bearings are metal ion release such, as cobalt (Co) and
chromium (Cr), and their potential interactions with immune system leading to local reactions,
such as pseudotumor and aseptic lymphocyte dominated vasculitis as well as systemic adverse

effects on cardiovascular, nervous and endocrine systems due to massive wear (7-9).

To minimize the complexity associated with CoC and MoM bearings, there are new option
such as ceramic-on-metal (CoM) bearings that combine ceramic femoral heads and metal alloy
liners by mixing a variety of hard bearing surfaces (10, 11). The theoretical advantages of this
combination is that the risk of component breakage is lower compared to CoC bearings, and
wear and metal debris production is reduced compared to MoM bearings, and can be

considered even in patients with high physical activity.

In several studies of in vitro hip simulators have been conducted to investigate the wear rate
of CoM bearings. Affatato et al. (12) and Reinders et al. (13) reported that significantly greater
wear in CoM bearings compared with CoC bearings. Despite benefits of in vitro study in

understanding wear behaviors of each THA design, only few studies investigated the in vivo



performance of CoM bearings by comparing serum metal ion levels and quantitative clinical

scores between CoM and MoM bearings.

Hence, the aim of this study was to analyze factors that affect the metal ion release of the
CoM bearing and to compare clinical performance with CoC bearings using validated

functional outcome scores and complications.

1. Materials and Methods

1. Patients

A total of 173 primary THAs and 147 patients were enrolled into the study. THA was
performed using 114 CoM bearings in 96 patients and 59 CoC bearings in 51 patients. All
these surgeries were performed by 1 skilled orthopedic surgeon in a single institution in the
same manner. In the group 1 (CoM group), 18 patients underwent bilateral THAs, while the
remaining 78 patients underwent unilateral THAs. In the group 2 (CoC group), 8 patients and
43 patients underwent bilateral and unilateral THAS, respectively. Vincent et al(14). reported
that less than 1cm of postoperative leg length discrepancy is acceptable in THA. Among the
unilateral CoM THA group, the 2 groups were divided based on leg length change (LLC)

before and after surgery. 48 patients with LLC increased by less than 1cm were classified into



group 1-A, and 30 patients with LLC increased by more than 1cm were classified into group
1-B. All patients undergoing THA between March 2010 and December 2015 with at least 3

years of follow-up period were considered for inclusion into the study.

The inclusion criteria were as follows: (1) patients aged over 20 years; (2) patients with
primary and secondary osteoarthritis, hip degeneration after previous septic arthritis, femur

neck fracture and osteonecrosis of femur hhead.

The exclusion criteria were as follows: (1) women of child bearing chance; (2) history of
prior THA or hip fusion (3) inflammatory joint disease; (4) renal function impairment
(glomerular filtration rate <30 ml/min); (5) metabolic bone diseases except osteoporosis; (6)
patients with an incomplete past medical history and physical examinations. Serum metal ion
levels, clinical functional outcomes, and surgical parameters were evaluated in all patients.
The patient sex, age, body mass index (BMI), follow-up periods and preoperative diagnoses

were investigated as demographic factors.

2. Surgical Technigue and implant

All patients received identical devices in each group except only for acetabular liner (metal
or ceramic). Pinnacle acetabular shell consist of Titanium-6Aluminium-4Vanadium alloy
(Pinnacle; DePuy®, Warsaw, IN, USA), Biolox delta femoral head consist of Zirconia
toughened Alumina composite and cementless collarless femoral stem consist of Titanium-

6Aluminium-4Vanadium alloy (Summit; DePuy® , Warsaw, IN, USA) were used in all of the



patients. The group 1 used the Cobalt-Chromium-Molybdenum alloy (Ultamet; DePuy®,
Warsaw, IN, USA) as the acetabular metal liner and group 2 used Biolox delta liners consisting

of Zirconia-Alumina as a ceramic liner.

All surgeries were performed by one orthopedic surgeon (NGW) and the surgical technique
used in the operation was the same in all patients with posterior approach. Standard
postoperative care and rehabilitation was performed in the same way for all THA patients.
Patients were followed up at an outpatient clinic at 1 month, 3 months, 6 months, 1 year and

annually after surgery.

3. Metal ion level measurements

Blood samples for metal ion analysis were taken from all patients 3 months, 6 months, 1
year after surgery and annually thereafter. Samples were obtained using a stainless steel
hypodermic needle attached to a plastic collection tube. The serum Co and Cr levels were
measured using a plasma mass absorption spectrometry (Spectr AA-800H, Varian Inc., Palo
Alto, California, USA). The limits of detection Co and Cr were 0.05ug/L and 0.1ug/L,
respectively. The toxic cut-off levels for Co and Cr were 7.00 pg/L and 7.00 pg/L or above,
respectively (15, 16). In CoC bearings, Co and Cr ion measurement was measured for a quality
control. The Co and Cr change (ACo and ACr) was the calculation of the difference between
levels of serum Co and Cr just before and 3 years after surgery. Any changes in serum ion
levels were marked + for an increase and — for a decrease. All laboratory analyzes were

performed according to the protocol and no personal information was displayed.
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4. Clinical outcome measurements

All patients were evaluated for clinical outcomes using the Harris Hip Score (HHS) (17)
and Western Ontario McMaster Universities Osteoarthritis Index (WOMAC) (18)
preoperatively and at 3 months, 6 months, 1 year and annually after the operation. To identify
the squeaking, we performed physical examination and history taking about friction sound
during the outpatient clinic visit (19). The research nurse completed the questionnaire directly

to the patients who visited outpatient clinic by a blind protocol.

5. Radiologic outcome measurements

Radiological assessment was undertaken on preoperatively, immediately postoperatively, at
6 weeks, 3 months, 6 months, 1 year postoperatively and annually follow-up. Acetabular
component inclination was measuring the angle between a horizontal inter-ischial line and a
longest line of an ellipse representing an acetabular component on a standing radiograph of
the entire lower extremity. Acetabular component anteversion was measured as the angle
between the line touching the opening surface of the acetabular component and a line

11



perpendicularly drawn to the table on a translateral radiographs (20). Assessment on
postoperative radiographic measurements of leg length as defined by Paley et al. (21) used
standing radiographs of the entire lower extremity. The images were taken at the point when
patients were stand on full weight bearing after the operation. Any LLCs were marked + for
an increase and — for a decrease. Radiographic evaluation was performed by a single
radiologist (CYH). For intraobserver reliability, the average of the values measured 3 times

for each patient was used.

6. Statistics

The Clinical characteristics and surgical factors for continuous variables between the group
1 and 2 were analyzed using the Student t-test and Mann-Whitney test. In contrast, the Chi-
square test and Fisher's exact test were used for categorical variable analysis. Pearson's
correlation analysis method was used to determine the relationship between blood metal ion
level and patient-related factors, surgical factors, clinical scores and location of acetabular
component positions. A linear mixing model was used because there was an omission value
of the measured serum metal ion level as a method to identify the change in blood metal ion
levels repeated after surgery. Statistical analysis was performed using the SPSS Statistics
version20.0 (IBM Corp., Armonk, NY). Statistical significance was defined as a p value <

0.05.

12



I11. Results

A total of 173 cases and 147 patients were analyzed. There were 59 male and 88 female
patients with the mean age of 61.4+14.6 years. The mean of the follow-up period was 6.99
+1.36 years. The preoperative diagnosis was avascular necrosis of the femoral head in 88 cases
(49.1%), proximal femoral fractures in 49 cases (29.3%), primary osteoarthritis in 24 cases
(14.4%), secondary osteoarthritis in 9 cases (5.4%) and previous septic arthritis in 3 cases
(1.8%). Group 1 had 114 cases, including 96 patients, and group 2 had 59 cases, including 51
patients. No differences were observed with gender (P = 0.243), age (P = 0.756), BMI (P =

0.588) and follow-up periods (P = 0.142) between the group 1 and 2 (Table 1).

Although the surgical characteristics of each group were similar, the mean operation time
was longer (P = 0.047) in the group 2. No differences were observed with LLC (P = 0.348),
acetabular cup inclination (P = 0.101), acetabular cup anteversion (P = 0.755), cup size (P =
0.270), head size (P = 0.113) and intra-operative bleeding (P = 0.760) between group 1 and 2

(Table 1).

Table 1. Demographic and surgical characteristics of the patients for each group.

Group 1 Group 2
Characteristic P value
(CoM; N=96) (CoC; N=51)

Gender {Patients (hips)} 0.243

Male 41 (50) 18 (22)

13



Female
Age

Mean (range)
BMI

Mean (range)

Diagnosis {Patients (hips)}

AVN
Primary OA
Secondary OA

Trauma

Previous septic arthritis

Follow-up (years)

Mean (range)

LLC (mm)
Mean (range)
Acetabular cup

inclination
Mean (range)
Acetabular cup
anteversion
Mean (range)
Cup size
Mean (range)
Head size

Mean (range)

55 (64)

61.0 (25-90)

24.3 (15.8-39.1)

44 (57)

13 (16)

5(5)

33 (35)

1)

5.1 (3.7-7.0)

6.1 (-1.1-23.3)

41.0 (25.9-55.0)

23.3 (8.2-38.7)

50.5 (44-60)

34.5 (28-36)

91.0(61-229)

33(37)

61.8 (35-85)

24.7 (17.7-49.0)

24 (31)

8(8)

3(4)

14 (14)

2(2)

4.7 (3.4-7.1)

5.3 (-1.3-17.1)

42.3 (25.7-.54.4)

23.6 (6.2-35.2)

49.3 (44-56)

33.5 (28-36)

105.6 (74-259)

0.756

0.588

0.348

0.101

0.755

0.270

0.113

0.047
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Mean (range) 864.7 (150-4500) 836.6 (150-2500) 0.760
IntraOP Bleeding (ml)

Mean (range)

CoM, ceramic-on-metal; CoC, ceramic-on-ceramic; BMI, body mass index; AVN, avascular
necrosis of the femoral head; OA, osteoarthritis; LLC, leg length change; Postop,

postoperative; IntraOP, intraoperative

When Co and Cr serum ion levels were continually examined over time, there was no
significant difference between the 2 subgroups until postoperative 1 year for Co and
postoperative 6 months for Cr. However, since then, there have been statistically significant
changes in serum Co and Cr levels between the 2 groups. In the group 1, serum cobalt ion
level measured at 2 years (P = 0.041) and 3 years (P = 0.026) after surgery were higher than
in the group 2. In the group 1, serum chromium ion levels measured at 1 year after surgery (P
< 0.000), 2 years (P < 0.000), and 3 years (P = 0.001) were higher than in the group 2. It is
shown in Table 2 that the serum metal ion level is plotted according to the time of examination.
The linear mixed model was used to analyze the interaction between time and the serum metal
ion level repeatedly measured in the group 1 and 2. The results were statistically significant at

both the Co (P =0.017) and Cr (P < 0.000) serum ion levels.

Clinical outcomes of group 1 and 2 were analyzed based on the results of the most recent
examination. No statistical differences in pain (P = 0.131), stiffness (P = 0.065), function (P =
0.054) and total WOMAC scores (P = 0.083). Similarly, no significant differences were seen
between the 2 groups in HHS (p = 0.159) (Table 2). The squeaking incidence were observed
in 15 cases in the group 1 (15.6%) and in 6 cases in the group 2 (11.1%). There was no

statistically significant difference in friction incidence between group 1 and 2. (P = 0.358).

15



Table 2. Comparison of Serum ion levels at each time point and functional scores between the

2 subgroups.
Group 1 Group 2
Group P value
(CoM; N=96) (CoC; N=51)
Time point
Metal ion(ug /L)  pre
0.22+0.32 (0.00-1.20)  0.14+0.45 (0.00-1.60) 0.874
Cobalt 3 months
0.56+0.97 (0.00-4.20)  0.32+0.78 (0.00-2.10)  0.230
(range) 6 months
0.47+£1.05 (0.05-5.50)  0.50+1.19 (0.00-3.60)  0.920
1 year
0.59+1.43 (0.05-6.90)  0.30+0.50 (0.05-2.10)  0.213
2 year
1.38+2.56 (0.65-9.70)  0.24+0.70 (0.05-2.90)  0.041
3 year
1.49+1.59 (0.90-12.80) 0.29+0.81 (0.00-2.10) 0.026
Chromium pre 0.27+0.13 (0.00-0.82)  0.25+0.19 (0.00-0.63)  0.792
(range) 3 months 0.43+0.40 (0.00-1.80)  0.31+0.38 (0.00-1.81)  0.352
6 months 0.67+0.90 (0.10-6.20)  0.37+0.53 (0.10-2.70)  0.096
1 year 1.47+1.47 (0.10-6.50)  0.41+0.30 (0.10-1.98)  0.000
2 year 2.02+2.09 (0.10-8.40)  0.28+0.22 (0.10-1.90)  0.000
3 year 1.76+1.92 (0.10-8.80)  0.26+0.21 (0.10-1.45) 0.001
WOMAC
Pain (0-20) 2.63+3.43 1.13+£2.72 0.131
Stiffness (0-8) 0.82+1.37 0.74+£0.74 0.065
Function (0-68) 12.89+13.70 11.85+9.53 0.054
Total (0-96) 16.34+17.49 10.45+11.35 0.083
HHS (0-100) 83.80+9.85 (61-96) 87.76+7.06 (72-96) 0.159

16



Values are expressed as mean + standard deviation (range, Hg/L in metal ion);CoM, ceramic-
on-metal; CoC, ceramic-on-ceramic; WOMAC, Western Ontario and McMaster Universities

Osteoarthritis Index; HHS, Harris Hip Score

Correlations among last follow-up serum metal ion level, patient related factors, surgical
characteristics, acetabular component positions and clinical outcomes were assessed in CoM
THA patients. There were statistically significant positive correlations between serum Co
levels and LLC (r = 0.211, p = 0.046) as well as between the serum Cr levels and LLC (r =
0.281, P = 0.007). In addition, surgical characteristics, acetabular cup position, head and cup
size did not show any correlations with the metal ion level (Table 3). In comparison of average
changes in metal ion levels, group 1-B (0.25 + 0.77 ug /L) showed more increases than group
1-A (0.13 £ 0.31 ug /L) in Co ion, but it did not have statistical significance (P = 0.055). Also,
group 1-B (0.68 = 0.77 ug /L) showed higher increases in Cr ion level changes than group 1-

A (0.34 £ 0.34 pg /L) with statistical significance (P = 0.025) (Table 3).

Table 3. Correlation between each variable and serum metal ion levels in the patients with
CoM group. Comparison of serum metal ion levels change in unilateral CoM group, according

to the difference LLC after surgery.

CoM group
Cobalt P value Chromium P value
Factor

17



Age r=-0.056 0.602 r=0.034 0.753

BMI r=0.075 0.481 r=0.079 0.458
Op. time r=-0.002 0.984 r=0.047 0.659
Op. Bleeding r=-0.021 0.843 r=-0.025 0.816
Al r=0.189 0.074 r=0.126 0.236
AA r=0.172 0.070 r=0.182 0.074
LLC r=0.211 0.046 r=0.281 0.007
Head size r=0.107 0.316 r =0.096 0.367
Cup size r=-0.030 0.777 r=0.041 0.698
HHS r=0.135 0.405 r=0.117 0.471
Pain r=0.019 0.868 r=0.110 0.342
Stiffness r =0.004 0.971 r=0.104 0.370
Function r=-0.009 0.937 r=0.028 0.811
Total WOMAC r=-0.003 0.979 r=0.052 0.657
CoM group (N =78) P value

Metal ion (ug /L) Group 1-A(N =48) Group 1-B(N=30)
ACo 0.13+0.31 0.25+0.77 0.055

ACr 0.34+0.34 0.68 £ 0.76 0.025

r, Pearson's coefficient of correlation; BMI, body mass index; Op, operation; ACI, acetabular
cup inclination; ACA, acetabular cup anteversion; LLC, leg length change; HHS, Harris Hip
Score; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; CoM,
ceramic-on-metal; Group 1-A, LLC < +1cm; Group 1-B, LLC > +1 c¢cm; ACo, serum cobalt

ion level change; ACr, serum chromium ion level change
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There were 2 patients in the group 1 with adverse local reactions to metal debris (ARMD)
with metal liner wear. Revision arthroplasty was performed with CoM bearing to improve
painful symptoms and prevent systemic adverse reactions induced by metal ions debris.
Furthermore, other complications include periprosthetic fracture in greater trochanter, which
was treated with internal fixation, and postoperative wound infections, which was controlled

after simple wound irrigation and debridement.

V. Discussion

MoM bearing is relatively vulnerable to wear, and CoC bearing has risks of breakage that
would require revision operation even though its occurrence is relatively lower. Consequently,
CoM bearings has been proposed as a durable alternative treatment option for patients with

high physical activity needs.

There have been few direct comparisons of clinical results with the CoM and CoC bearing.
As the squeaking incidence of about 10% reported in the previous study (19), the squeaking
incidence of CoC and CoM bearing in our study was 11.1% and 15.6%, respectively. In
addition, the difference in the squeaking rate between group 1 and 2 was not statistically
significant (P = 0.358). The use of CoM bearing is advantageous in expansion in the selection
of various sizes of ceramic heads even in a small acetabular cup. In our study, most pateints
were performed with THAS using head sizes less than diameters of 36mm, and there is report
on statistically lower rates of dislocation on head diameters of 36mm than 28mm (22). It can

theoretically reduce dislocation and increase ROM compared to other bearings (23-25).



However, Han et al (26) ironically concluded that the large ROM is the factor that increases
the metal ion levels. In addition, there were studies that differential hardness bearing improves
fluid film lubrication and reduces adhesive wear and that in vitro studies have proven that
differential hardness through a CoM bearing avoids stripe wear (27).

In several previous biomedical and clinical studies, CoM bearing is reported to reduce the
metal wear and metal ion release compared to the MoM bearing (10, 28-31). However, the
CoM bearings showed the results over a wide range of performance in vivo studies. Affatato
et al (12) reported more wears occurred in the CoM bearing than in the CoC bearing, and

Reinders et al. (13) no differences in mean wear rates between CoM and CoC bearings.

In this study, the serum ion levels of Co (P = 0.026) and Cr (P = 0.001) were significantly
higher in the group 1 than in the group 2. Han et al (26) demonstrated that serum metal ion
levels in the CoM bearings were a 6.5-fold and 9-fold higher in the Co and Cr, respectively,
in comparison to non-CoM bearings. In this study, the metal ion levels in the group 1 showed

a 5.1-fold higher level of Co and a 6.8-fold higher level of Cr than those in the group 2.

There were significant statistical differences in serum ion level of Co at the postoperative 2™
year (P = 0.041) and of Cr at the postoperative 1% year (P < 0.000). The patterns of metal ion
changes in the 2 subgroups were noted in relation to time with statistical significances (Co: P
= 0.017; Cr: P < 0.000) and showed gradual increases with the number of cycles similar to
previous studies (12, 13). The level of serum metal ion increased more than normal in the
group 1. It has increased to a similar level to other studies (26, 32) only to the extent without
the toxic effect (16). Even though the serum metal ion level did not show any correlations with
other variables like age, BMI, surgical factor, acetabular cup position and clinical outcomes,
LLC showed positive correlations with both Co (r =0.211, P = 0.046) and Cr (r = 0.281, P =
0.007) serum ion levels. In addition, group 1-B indicated larger serum ion level changes in Co
and Cr than group 1-A, and the increase of Cr level in group 1-B showed statistical significance

(P = 0.025). These results suggest that LLC may affect the functional position of the cup and
20



the edge load. A recent study by Renkawitz et al (33) reported the occurrence of
unphysiological gait on patient with more than 5mm leg length difference after THAs.
However, there is no established consensus or studies on variability of functional cup position
based on leg length, and researches on amount of edge loading due to functional cup position
still lack firm evidence. Other studies on risk factors for metal ion releases in CoM bearing

suggests BMI and amount of anteversion (34, 35), but these studies did not evaluate LLC.

In this study, there were 2 patients in group 1 who suffered from metal liner wear along with
outlier serum metal levels, and both patients received revision arthroplasty with CoC bearings.
This result shows that revision rate occurred in only 2 out of 114 (1.8%) cases, which is a good
result compared to other studies(36). Their surgical findings revealed massive metal debris
with ARMD as well as metal staining in the ceramic head and severe wear at the inferior edge.
The LLC were 18.7mm and 14.3mm in first and second patients with revision arthroplasty,
respectively. According to the surgical findings, the ceramic head was metal stained, and the
taper was relatively clean. Therefore, the metal liner wear on the CoM bearing is considered
to be the cause, and the possibility of edge loading due to the difference in leg length before

and after surgery is suspected.

There are several limitations to this study. Our study was not conducted with randomization
and blinding protocol in all the procedures for surgery and data collection. Therefore,
explanations of all the variables utilized in our study are vulnerable to possible inherent biases.
There is a problem with the mismatch that the number of patients and the gender ratio between
the 2 subgroups. Another limitation is that radiation evaluation is performed by a single
radiologist (CYH), resulting in low reliability of the radiological interpretation. In our study,
the average value was used after performing 3 repeated measurements in the blind protocol to
minimize bias. In addition, the study has a limitation that the confirmation of squeaking
depended entirely on the patient's answer. On the other hand, the strength of the study is that

1 skilled orthopedic surgeon operated all patients in the same manner at the 1 institution
21



V. Conclusion

Our results suggest that CoM bearing THASs show effective hip function in both short-
term and mid-term similar to CoC bearing THAS even though serum ion levels of Co
and Cr were relatively higher in CoM group and especially higher in patients with LLC
more than 1 cm. Therefore, it is critical to minimize LLC less than 1cm during CoM
bearing THA operation, and in cases with postoperative LLC more than 1 cm, periodic
changes of serum metal ion levels as well as possible clinical symptoms of metal ion

toxicity should be carefully examined.

22



V1. References

1. Berry DJ, Harmsen WS, Cabanela ME, Morrey BF. Twenty-five-year survivorship
of two thousand consecutive primary Charnley total hip replacements: factors affecting
survivorship of acetabular and femoral components. The Journal of bone and joint surgery
American volume. 2002;84-A(2):171-7.

2. Kurtz SM, Lau E, Ong K, Zhao K, Kelly M, Bozic KJ. Future young patient demand
for primary and revision joint replacement: national projections from 2010 to 2030. Clin
Orthop Relat Res. 2009;467(10):2606-12.

3. Pawar ED, Yadav AK, Sharma A, Harsoor A. Ceramic liner fracture in ceramic on
ceramic Total hip arthoplasty: A case report. International journal of surgery case reports.
2019;65:242-4.

4. Willmann G. Ceramic femoral head retrieval data. Clin Orthop Relat Res.
2000(379):22-8.

5. Toni A, Traina F, Stea S, Sudanese A, Visentin M, Bordini B, et al. Early diagnosis
of ceramic liner fracture. Guidelines based on a twelve-year clinical experience. The Journal
of bone and joint surgery American volume. 2006;88 Suppl 4:55-63.

6. Stea S, Bordini B, De Clerico M, Petropulacos K, Toni A. First hip arthroplasty
register in Italy: 55,000 cases and 7 year follow-up. Int Orthop. 2009;33(2):339-46.

7. Dobbs HS, Minski MJ. Metal ion release after total hip replacement. Biomaterials.
1980;1(4):193-8.

8. Fisher J, Hu XQ, Stewart TD, Williams S, Tipper JL, Ingham E, et al. Wear of surface

engineered metal-on-metal hip prostheses. J Mater Sci Mater Med. 2004;15(3):225-35.

23



9. Marker M, Grubl A, Riedl O, Heinze G, Pohanka E, Kotz R. Metal-on-metal hip
implants: do they impair renal function in the long-term? A 10-year follow-up study. Arch
Orthop Trauma Surg. 2008;128(9):915-9.

10. Firkins PJ, Tipper JL, Ingham E, Stone MH, Farrar R, Fisher J. A novel low wearing
differential hardness, ceramic-on-metal hip joint prosthesis. J Biomech. 2001;34(10):1291-8.
11. Barnes CL, DeBoer D, Corpe RS, Nambu S, Carroll M, Timmerman |. Wear
performance of large-diameter differential-hardness hip bearings. The Journal of arthroplasty.
2008;23(6 Suppl 1):56-60.

12. Affatato S, Spinelli M, Squarzoni S, Traina F, Toni A. Mixing and matching in
ceramic-on-metal hip arthroplasty: an in-vitro hip simulator study. J Biomech.
2009;42(15):2439-46.

13. Reinders J, Sonntag R, Heisel C, Reiner T, Vot L, Kretzer JP. Wear performance of
ceramic-on-metal hip bearings. PLoS One. 2013;8(8):e73252.

14, Ng VY, Kean JR, Glassman AHJJ. Limb-length discrepancy after hip arthroplasty.
2013;95(15):1426-36.

15. Barry J, Lavigne M, Vendittoli PA. Evaluation of the method for analyzing chromium,
cobalt and titanium ion levels in the blood following hip replacement with a metal-on-metal
prosthesis. Journal of analytical toxicology. 2013;37(2):90-6.

16. Matharu GS, Berryman F, Judge A, Reito A, McConnell J, Lainiala O, et al. Blood
Metal lon Thresholds to Identify Patients with Metal-on-Metal Hip Implants at Risk of
Adverse Reactions to Metal Debris: An External Multicenter Validation Study of Birmingham
Hip Resurfacing and Corail-Pinnacle Implants. The Journal of bone and joint surgery
American volume. 2017;99(18):1532-9.

17. Harris WH. Traumatic arthritis of the hip after dislocation and acetabular fractures:
treatment by mold arthroplasty. An end-result study using a new method of result evaluation.

The Journal of bone and joint surgery American volume. 1969;51(4):737-55.

24



18. Klassbo M, Larsson E, Mannevik E. Hip disability and osteoarthritis outcome score.
An extension of the Western Ontario and McMaster Universities Osteoarthritis Index.
Scandinavian journal of rheumatology. 2003;32(1):46-51.

19. Mai K, Verioti C, Ezzet KA, Copp SN, Walker RH, Colwell CWJCO, et al. Incidence
of ‘squeaking’after ceramic-on-ceramic total hip arthroplasty. 2010;468(2):413-7.

20. Woo RY, Morrey BF. Dislocations after total hip arthroplasty. The Journal of bone
and joint surgery American volume. 1982;64(9):1295-306.

21. Paley D. Normal lower limb alignment and joint orientation.  Principles of
deformity correction: Springer; 2002. p. 1-18.

22. Ertas ES, Tokgozoglu AM. Dislocation after total hip arthroplasty: does head size
really matter? Hip international : the journal of clinical and experimental research on hip
pathology and therapy. 2020:1120700019898404.

23. Beaule PE, Schmalzried TP, Udomkiat P, Amstutz HC. Jumbo femoral head for the
treatment of recurrent dislocation following total hip replacement. The Journal of bone and
joint surgery American volume. 2002;84-a(2):256-63.

24, Jolles BM, Zangger P, Leyvraz PF. Factors predisposing to dislocation after primary
total hip arthroplasty: a multivariate analysis. The Journal of arthroplasty. 2002;17(3):282-8.

25. Lachiewicz PF, Soileau ES. Dislocation of primary total hip arthroplasty with 36 and
40-mm femoral heads. Clinical orthopaedics and related research. 2006;453:153-5.

26. Han SB, Oh JK, Jang WY, Choudhary N, Kim HG, Shon WY. Increased Serum lon
Levels After Ceramic-on-Metal Bearing Total Hip Arthroplasty: Influence of an Asian
Lifestyle. The Journal of arthroplasty. 2018;33(3):887-92.

217. Nevelos JE, Ingham E, Doyle C, Nevelos AB, Fisher J. Wear of HIPed and non-
HIPed alumina-alumina hip joints under standard and severe simulator testing conditions.

Biomaterials. 2001;22(16):2191-7.

25



28. Williams S, Al-Hajjar M, Isaac GH, Fisher J. Comparison of ceramic-on-metal and
metal-on-metal hip prostheses under adverse conditions. J Biomed Mater Res B Appl
Biomater. 2013;101(5):770-5.

29. Ishida T, Clarke IC, Donaldson TK, Shirasu H, Shishido T, Yamamoto K. Comparing
ceramic-metal to metal-metal total hip replacements--a simulator study of metal wear and ion
release in 32- and 38-mm bearings. J Biomed Mater Res B Appl Biomater. 2009;91(2):887-
96.

30. Isaac GH, Brockett C, Breckon A, van der Jagt D, Williams S, Hardaker C, et al.
Ceramic-on-metal bearings in total hip replacement: whole blood metal ion levels and analysis
of retrieved components. J Bone Joint Surg Br. 2009;91(9):1134-41.

31. Schouten R, Malone AA, Tiffen C, Frampton CM, Hooper G. A prospective,
randomised controlled trial comparing ceramic-on-metal and metal-on-metal bearing surfaces
in total hip replacement. J Bone Joint Surg Br. 2012;94(11):1462-7.

32. Zeng Y, Zheng B, Shen B, Yang J, Zhou Z, Kang P, et al. A prospective study of
ceramic-on-metal bearings in total hip arthroplasty at four-year follow-up: clinical results,
metal ion levels, inflammatory factor levels, and liver-kidney function. J Orthop Sci.
2015;20(2):357-63.

33. Renkawitz T, Weber T, Dullien S, Woerner M, Dendorfer S, Grifka J, et al. Leg
length and offset differences above 5mm after total hip arthroplasty are associated with altered
gait kinematics. Gait & posture. 2016;49:196-201.

34. YiZ,Bo Z, Bin S, Jing Y, Zongke Z, Fuxing P. Clinical Results and Metal lon Levels
After Ceramic-on-Metal Total Hip Arthroplasty: A Mean 50-Month Prospective Single-Center
Study. The Journal of arthroplasty. 2016;31(2):438-41.

35. Maurer-Ertl W, Pranckh-Matzke D, Friesenbichler J, Bratschitsch G, Holzer LA,

Maier M, et al. Clinical Results and Serum Metal lon Concentrations following Ceramic-on-

26



Metal Total Hip Arthroplasty at a Mean Follow-Up of 60 Months. Biomed Res Int.
2017;2017:3726029.

36. Kleeman LT, Bala A, Penrose CT, Seyler TM, Wellman SS, Bolognesi MP.
Comparison of Postoperative Complications Following Metal-on-Metal Total Hip
Arthroplasty With Other Hip Bearings in Medicare Population. The Journal of arthroplasty.

2018;33(6):1826-32.

27



	..


<startpage>2
..
</body>

