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Abstract: (1) Background: Metal-on-metal (MoM) total hip arthroplasty (THA) and hip resurfacing
arthroplasty (HRA) was presumed to provide superior functional outcomes compared to metal-on-
polyethylene (MoP) THA. (2) Methods: We compared muscle mass, power, step test asymmetry, and
patient-reported outcomes between MoM THA/HRA and MoP THA. A total of 51 MoM THA/HRAs
and 23 MoP THAs participated in the cross-sectional study at a mean of 6.5 (2.4–12.5) years postop-
eratively. Muscle mass was measured by Dual energy X-ray Absorption (DXA) scans and muscle
power in a Leg Extensor Power Rig. Step test asymmetry was obtained with an Inertial Measurement
Unit (IMU). The patients completed the Harris Hip Score (HHS) and the Copenhagen Hip and Groin
Outcome Score (HAGOS). (3) Results: The MoM THA/HRA group had a greater inter-limb difference
in hip muscle mass compared to the MoP THA group (p = 0.02). Other inter-limb differences in
muscle mass and power were similar (p > 0.05). Muscle mass of the thigh and calf area and muscle
power in both legs were higher in MoM THA/HRA compared to MoP THA (p < 0.009). Step test time
asymmetry when ascending was lower in MoM THA/HRA compared to MoP THA (p = 0.03). HHS
and HAGOS scores were similar between groups (p > 0.05). (4) Conclusion: Overall, we could not
verify the hypothesis that MoM THA/HRA contributes to superior functional outcomes compared to
MoP THA.

Keywords: metal-on-metal hip arthroplasty; metal-on-polyethylene hip arthroplasty; DXA scan;
muscle mass; muscle power; functional outcome test

1. Introduction

For decades, end-stage osteoarthritis of the hip has been successfully treated with
metal-on-polyethylene (MoP) total hip arthroplasty (THA) [1–3]. A major limitation, espe-
cially in young patients, is the polyethylene wear particles produced by the bearing surfaces
and associated with osteolysis and aseptic loosening of the implant [4–7]. Metal-on-metal
(MoM) THA and hip resurfacing arthroplasty (HRA) were expected to lower dislocation
rates and increase range-of-motion and functional capacity as the femoral component mimic
the natural human anatomy [8]. MoM THA was previously recommended in younger
patients. Furthermore, the MoM THA/HRA was hoped to enable patients to return to
pre-osteoarthritic potential. However, due to concerns regarding adverse reaction to metal
debris (ARMD), the success for MoM hip articulations was short-term [9–14]. Thus, the use
of MoM THA/HRA has fallen to <1% [10,15]. Studies have investigated the short-term dif-
ferences in patient-reported outcomes, gait patterns, and performance-based tests between
patients undergoing MoM THA/HRA and patients undergoing MoP THA [16–20]. A few
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of these studies suggest that a better anatomical preservation and a larger femoral head
may lead to superior outcomes in performance-based tests [20,21]. However, it is unclear if
the potential benefits of MoM THA/HRA with large femoral heads contribute to superior
outcome in performance-based tests compared to MoP THA with smaller femoral heads.
Furthermore, mid- and long-term results are missing. We reported that even young, active
patients undergoing MoM THA had not fully regained muscle mass or muscle power at
5–7 years postoperatively [22]. Additionally, it is unclear whether patients with MoM hip
articulations achieve a better recovery of muscle mass and leg power compared to patients
with MoP THA at mid- and long-term follow-up. Overall, we wanted to investigate if MoM
THA/HRA contributes to superior functional outcomes compared to MoP THA at mid- to
long-term follow-up. We investigated three hypotheses: (1) muscle mass and muscle power
are higher in patients undergoing MoM THA/HRA compared to patients undergoing MoP
THA, (2) the inter-limb difference in muscle mass and muscle power is smaller in patients
undergoing MoM THA/HRA compared to patients undergoing MoP THA, and (3) patients
undergoing MoM THA/HRA experience less step test asymmetry compared to patients
undergoing MoP THA.

2. Materials and Methods
2.1. Patients and Articulations

In 2014, 111 patients (50 females, 61 males) with a total of 148 THAs participated in a
cross-sectional study at Aarhus University Hospital, Denmark, at a mean of 6.5 (2.4–12.5)
years postoperatively. The study was conducted in accordance with the Declaration of
Helsinki [23] and approved by the Central Denmark Region Committee on Health Research
Ethics (jr. nr.: 1-10-72-65-14) and the Danish Data Protection Agency (jr. nr.: 2007-58-0010,
Trial nr.: 1-16-02-87-14). Patients were recruited among participants from the department’s
former research projects on THA. Inclusion criteria were patients undergoing MoM or
MoP primary hip arthroplasty and who gave informed consent to participate. A total
of 37 patients had bilateral hip articulations which preclude reasonable comparison of
inter-limb differences in this study and were thus excluded, resulting in 74 patients with a
mean age of 59 (30–77) years. All patients were able to walk without walking aids. Patients
were divided into two groups. The finale sample included the MoM THA/HRA group
(n = 51), including 33 males and 18 females, and the MoP THA group (n = 23), including
8 males and 15 females. All MoM THAs (n = 18) underwent a posterior surgical approach.
The MoM HRAs underwent either a posterior surgical approach ad modum Moore (n = 22),
or an antero-lateral surgical approach ad modum Watson (n = 11). All MoP THAs (n = 23)
underwent a posterior surgical approach. MoM HRA patients who operated with the
posterior approach had a partial detachment of the tendinous insertion of gluteus maximus
on the femoral bone. A flowchart of included patients and their articulation types and
sizes are presented in Figure 1. The MoM/HRA THA group had a mean femoral head
size of 55.2 (50–64) and the MoP THA group had a mean femoral head size of 54.6 (50–62).
Baseline characteristics of all patients are presented in Table 1.

2.2. Dual-Energy X-ray Absorptiometry (DXA) Scans

DXA scans were performed with a Lunar iDXA 2013 DXA scanner (General Electric
Medical Systems, Maddison, WI, USA) and analyses were performed using the enCORE
version 16.00 software. Custom regions of interest (ROI) were made as previously de-
scribed [22] from anatomical fix points on the hip, thigh, and calf, and muscle mass (g) was
divided by the area of the ROI (cm2) (Figure 2). The coefficient of variation for the thigh
and calf segments have been reported to be between 0.7–1.8% [24,25].
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Figure 1. Flowchart of included patients and articulation types and sizes. 

Table 1. Baseline characteristics of patients with metal-on-metal (MoM) total hip articulation 

(THA)/hip resurfacing articulation (HRA) and metal-on-polyethylene (MoP) THA. 

Articulation MoM THA/HRA MoP THA p-Value a 

Number of patients 51 23 - 

Sex (male/female) 33/18 8/15 0.02 

Age at follow-up, mean (range) 56 (30–71) 67 (45–77) 0.00 

Years since operation, mean 

(range) 
5.8 (2.4–9.0) 8.5 (6–12.5) 0.00 

BMI (kg/m2) (range) 23.7 (17–34) 22.6 (16–30) 0.20 

Implant side, right/left  31/20 11/12 0.30 
a Satterthwaite’s t-test. BMI = body mass index. 
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Table 1. Baseline characteristics of patients with metal-on-metal (MoM) total hip articulation
(THA)/hip resurfacing articulation (HRA) and metal-on-polyethylene (MoP) THA.

Articulation MoM THA/HRA MoP THA p-Value a

Number of patients 51 23 -
Sex (male/female) 33/18 8/15 0.02
Age at follow-up, mean (range) 56 (30–71) 67 (45–77) 0.00
Years since operation, mean (range) 5.8 (2.4–9.0) 8.5 (6–12.5) 0.00
BMI (kg/m2) (range) 23.7 (17–34) 22.6 (16–30) 0.20
Implant side, right/left 31/20 11/12 0.30

a Satterthwaite’s t-test. BMI = body mass index.
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Figure 2. The four different DXA scan regions of interest (ROIs) used for evaluation of mean muscle
mass of the implant-side and the non-implant-side leg. (a) calf area, (b) thigh area, (c) hip and thigh
area, and (d) hip area.
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2.3. Leg Extensor Power Rig (LEPR)

Patients performed a mean of 6.4 (3–10) explosive leg extensions with the implant side
leg and a mean of 5.8 (3–10) explosive leg extensions with the non-implant side leg until no
further improvements were seen. The best recorded power output was used for statistical
analysis. One patient in the MoM HRA group had recently had knee surgery and was
unable to complete the explosive leg extensions in the LEPR. LEPR measurements were
performed seated using one leg at a time where patients pushed a footplate as hard and fast
as possible [22]. Measures of LEPR were summarized as relative power using Equation (1):

Relative power
(

W
Kg

)
=

Absolute power (W)

Body Weigth (Kg)
(1)

The LEPR used in patients with end-stage osteoarthritis of the hip and in THA patients
has a fair to good reliability with intraclass correlation coefficients above 0.72 [26,27].
Because the muscles in the hip and thigh areas mainly generate the power estimated in the
LEPR, correlations between mean muscle mass and mean muscle power were performed
using the mean muscle mass of the hip and thigh areas.

2.4. Inertial Measurement Unit (IMU)

The IMU (MicroStrain, Inertia-Link-3DM-GX2, Williston, ND, USA) measures orienta-
tion, velocity, and gravitational forces in a three-dimensional space, using a combination
of a gyroscope and an accelerometer [28,29]. The IMU was carefully fixed to the skin
over the sacrum with double adhesive tape. Data were collected via a wireless Bluetooth
connection, and real-time data from the sensor were stored on a computer with a sampling
frequency of 100 Hz. Data analysis of the step test parameters was performed by propri-
etary, non-disclosed algorithms provided by the manufacturer based on the algorithms
by Zijlstra et al. [30]. Inertial sensors have shown potential in functional tests [31,32], and
stepping has been shown to be a powerful performance-based test with good discriminate
capacity to differentiate between healthy subjects and patients with osteoarthritis [31].
The IMU-based method has been shown to be reliable and reproducible in assessing gait
and performance-based tests in healthy subjects [33,34], and has also shown potential for
performance-based tests such as ascending–descending movements in step tests and sit-to-
stand transfers [22,31,35,36]. Asymmetry scores (ASs) between the implant-side leg (ASi)
and the non-implant-side leg (ASn) were calculated for each parameter using Equation (2):

ASs = 100% ×
((

ASi − ASn
ASi + ASn

)
/2

)
(2)

2.5. Step Test

All patients were tested on a 40 cm high step bench, and if too challenging, they were
offered a 30 cm high step bench. Patients were asked to ascend and descend the step bench
at their own pace three times with each leg, always beginning the first step-up with the
non-implant-side leg. The IMU parameters representing the average of the three repetitions
are based on peak detection between the start and the end of each test.

2.6. Harris Hip Score (HHS) and the Copenhagen Hip and Groin Outcome Score (HAGOS)

All patients were examined according to the surgeon-reported HHS (range 0–100) [37],
and completed the patient-reported HAGOS questionnaire (range 0–100) [38]. The HHS
covers domains of pain, daily activities (stair climbing, public transportation, sitting, and
putting on socks and shoes), gait (limp, support needed, and walking distance), and
range of motion. Intraclass correlation coefficients have been proven good to excellent
ranging from 0.74–1.00 [39]. The HAGOS consists of six separate subscales assessing Pain,
Symptoms, Physical function in daily living, Physical function in Sport and Recreation,
Participation in Physical Activities, and hip and/or groin-related Quality of Life (QOL).
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The questionnaire has shown intraclass correlation coefficients ranging from 0.82 to 0.91 for
the six subscales [38].

2.7. Statistical Analysis

All continuous variables were tested for normality using the Shapiro–Wilk test [40].
When data were not normally distributed, we used the non-parametric tests Mann–Whitney
U-test and Wilcoxon rank-sum test. When data were normally distributed, we used a
paired t-test. Calculations of the correlation coefficient (r) of independent variables were
made using Spearman correlation analysis when data were not normally distributed, and
Pearson’s correlations analysis was used when data were normally distributed. p-values
below 0.05 were considered statistically significant. All analyses were performed using
STATA software version 13 (StataCorp LP, College Station, TX, USA).

3. Results
3.1. Dual-Energy X-ray Absorptiometry (DXA) Scans

Patients undergoing MoM THA/HRA had significantly more muscle mass at both
the implant side and the non-implant side leg compared to patients undergoing MoP
THA (p < 0.05). This trend was found in all areas of the examined legs, except in the hip
area at the implant side leg, where measurements of muscle mass were similar (p = 0.24).
Measurements of the inter-limb difference in muscle mass were different between groups
in the hip area (p = 0.02). The inter-limb differences in muscle mass of the thigh, calf, and
the hip and thigh area were similar (p > 0.05) (Table 2).

Table 2. Comparison of mean muscle mass in both legs and inter-limb difference between mean
muscle mass in MoM THA/HRA (n = 51) and MoP THA (n = 23). Values are mean (SD).

Region of Interest (ROI) MoM THA/HRA MoP THA p-Value

Hip area (g/cm2)
Implant side 9.44 (1.50) 8.98 (1.59) 0.24 b

Non-implant side 10.63 (1.57) 9.78 (1.55) 0.04 b

Inter-limb difference 1.28 (0.71) 0.92 (0.47) 0.02 a

Thigh area (g/cm2)
Implant side 6.96 (1.19) 5.83 (1.28) 0.0004 b

Non-implant side 7.13 (1.26) 6.04 (1.22) 0.0008 b

Inter-limb difference 0.38 (0.33) 0.41 (0.40) 0.71 a

Hip and thigh area (g/cm2)
Implant side 7.88 (1.15) 6.71 (1.39) 0.0003 b

Non-implant side s8.35 (1.18) 7.20 (1.58) 0.0008 b

Inter-limb difference 0.51 (0.34) 0.54 (0.37) 0.76 a

Calf area (g/cm2)
Implant side 3.63 (0.53) 3.35 (1.01) 0.0038 b

Non-implant side 3.69 (0.49) 3.47 (1.07) 0.0097 b

Inter-limb difference 0.29 (0.21) 0.18 (0.12) 0.06 a

a Two-sample Wilcoxon rank-sum (Mann–Whitney) test. b Paired t-test.

3.2. Leg Extensor Power Rig (LEPR)

Patients undergoing MoM THA/HRA had significantly more power in both the
implant side leg (p < 0.000) and the non-implant side leg (p < 0.002) compared to patients
undergoing MoP THA, but the inter-limb difference in muscle power between groups was
not significant (p = 0.87) (Table 3). Mean muscle power in the two groups correlated in
the following way with the mean hip and thigh muscle mass. The implant-side leg in the
MoM THA/HRA group (r = 0.54, p = 0.000). The implant-side leg in in the MoP THA
group (r = 0.06, p = 0.39). The non-implant-side leg in the MoM THA/HRA group (r = 0.54,
p = 0.000). The non-implant-side leg in the MoP THA group (r = 0.30, p = 0.16) (Figure 3a,b).
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Table 3. Comparison of mean muscle power in both legs, inter-limb difference in mean muscle power,
Harris Hip score (HHS), and the Copenhagen Hip and Groin Outcome Score (HAGOS) between
MoM THA/RHA (n = 50) and MoP THA (n = 23). Values are mean (SD).

MoM THA/RHA MoP THA p-Value a

Power (W/kg)
Implant side 1.98 (0.67) 1.29 (0.50) 0.000
Non-implant side 2.02 (0.69) 1.50 (0.50) 0.002
Inter-limb difference 0.24 (0.18) 0.23 (0.18) 0.87

Power (W)
Implant side 164.06 (61.55) 100.96 (45.19) 0.000
Non-implant side 168.08 (62.41) 115.78 (43.71) 0.0003
Inter-limb difference 19.18 (14.47) 17.35 (11.79) 0.75

HHS
Score 97.7 (4.2) 96.6 (5.2) 0.26

HAGOS
Symptoms 90.5 (13.0) 84.8 (16.9) 0.18
Pain 93.9 (10.2) 85.3 (21.9) 0.07
Function in Daily Living 91.7 (15.6) 85.9 (18.7) 0.08
Sport and recreation 83.8 (20.5) 72.9 (27.1) 0.08
Physical Activities 78.9 (29.4) 79.4 (26.6) 0.99
Hip related Quality of Life 81.8 (21.3) 77.4 (26.5) 0.68

a Two-sample Wilcoxon rank-sum (Mann–Whitney) test.
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Figure 3. (a) Correlations between the mean hip and thigh muscle mass (g/cm2) and the mean muscle
power (W/kg) in the implant-side leg of MoM THA/HRA and MoP THA patients. (b) Correlations
between the mean hip and thigh muscle mass (g/cm2) and the mean muscle power (W/kg) in the
non-implant side leg of MoM THA/HRA and MoP THA patients.

3.3. Step Test

Step test time asymmetry when ascending was a mean of 11.60 (SD 8.53)% in MoM
THA/HRA compared to a mean of 20.60 (SD 16.29)% in MoP THA (p = 0.03). When
descending, step test time asymmetry was a mean of 13.13 (SD 10.61)% in MoM THA/HRA
compared to a mean of 18.81 (SD 14.72)% in MoP THA, but this difference was not signifi-
cant (p = 0.19) (Table 4). Measurements of sagittal and frontal rotation asymmetry when
ascending and descending and measurements of sagittal, frontal, and vertical acceleration
asymmetry when ascending were also similar between groups (p > 0.05) (Table 4).
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Table 4. Inter-limb difference in trunk Range of Motion in the sagittal and frontal plane measured
from step test obtained in the MoM THA/HRA (n = 45) and MoP THA (n = 19) group, respectively.
Values are mean (SD).

IMU Parameters MoM THA/HRA MoP THA p-Value a

Step test rotation asymmetry

Sagital plane descending (%) 15.93 (14.86) 19.24 (11.64) 0.17
Sagital plane ascending (%) 19.98 (16.08) 19.12 (14.74) 0.95
Frontal plane descending (%) 17.30 (13.37) 14.68 (13.34) 0.39
Frontal plane ascending (%) 13.78 (11.29) 15.24 (12.49) 0.65

Step test time asymmetry

Ascending (%) 11.60 (8.53) 20.60 (16.29) 0.03
Descending (%) 13.13 (10.61) 18.81 (14.72) 0.19

Step test acceleration asymmetry

Vertical plane ascending (%) 12.97 (11.38) 16.64 (15.13) 0.46
Sagital plane ascending (%) 17.29 (14.36) 18.30 (20.39) 0.56
Frontal plane ascending (%) 18.07 (13.04) 21.68 (12.91) 0.32

a Two-sample Wilcoxon rank-sum (Mann–Whitney) test.

3.4. The Harris Hip Score (HHS) and the Copenhagen Hip and Groin Outcome Score (HAGOS)
and Correlations

Scores of the HHS and the HAGOS were similar (p > 0.05) for MoM THA/HRA and
MoP THA (Table 3). For all patients, significant correlations were found between muscle
power (W/kg) and scores of the HHS for the implant-side leg (r = 0.23, p = 0.04) and
the non-implant-side leg (r = 0.22, p = 0.05). This was similar for correlations between
muscle power (W/kg) and the HAGOS ADL for the implant-side leg (r = 0.34, p = 0.003)
and the non-implant-side leg (r = 0.31, p = 0.008). Likewise, correlations between muscle
power and the HAGOS Sport and recreation for the implant-side leg (r = 0.28, p = 0.02)
and the non-implant-side leg (r = 0.22, p = 0.05) were found. The correlations between
muscle power and the other four subscales of HAGOS were not significant (p > 0.05) for
the implant-side leg and for the non-implant side leg.

3.5. Sub-Analysis Comparing Males to Males, Females to Females

Due to the disproportionate MoM/HRA THA and MoP THA groups, we conducted
sub analysis comparing females to females (18 MoM/HRA THA vs. 15 MoP THA) and
males to males (33 MoM/HRA THA vs. 8 MoP THA) on all reported outcomes (i.e., mean
muscle mass, muscle power, patient-reported outcome measures and IMU parameters in
the step test). The sub analysis revealed that the inter-limb difference in mean muscle mass
in the hip area between MoM THA/HRA and MoP THA was not statistically significant
comparing males to males (p > 0.05) or females to females (p > 0.05) contrary to that reported
in Table 2 (p < 0.05). However, the other results from the group comparisons did not change
with a sub analysis, and thus neither did the overall conclusion.

4. Discussion

The purpose of this cross-sectional study was to compare functional outcomes mea-
sured as muscle mass, muscle power, and step test asymmetry, between patients undergoing
MoM THA/HRA and MoP THA at mean 6.5 years follow-up. Our hypotheses were that
MoM THA/HRA would demonstrate superior outcomes in all variables compared to MoP
THA, due to the potential advantages of the large femoral heads, and the preoperative selec-
tion of younger and presumably more active patients. The first hypothesis was that muscle
mass and muscle power was higher in patients undergoing MoM THA/HRA, compared to
patients undergoing MoP THA. Our second hypothesis was that the inter-limb difference
in muscle mass and muscle power was smaller in patients undergoing MoM THA/HRA,
compared to patients undergoing MoP THA. Despite more muscle mass and power in both
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legs in patients undergoing MoM THA/HRA, confirming the first hypothesis, the inter-
limb differences in muscle mass and muscle power were generally similar between groups.
The third hypothesis was that patients undergoing MoM THA/HRA experience less step
test asymmetry compared to patients undergoing MoP THA. The step tests results only
revealed better performance in ascending as asymmetry was less in the MoM THA/HRA
group compared to the MoP THA group, whereas all the other parameters were similar.

The hip muscle mass was similar in the prosthetic hip for both MoM THA/HRA and
MoP THA, but the inter-limb difference in hip muscle mass was significantly higher in
MoM THA/HRA, meaning that patients undergoing MoM THA/HRA generally had more
muscle in the hip region compared with MoP THA. However, patients undergoing MoM
THA/HRA in our study had significantly higher muscle power compared to MoP THA in
both the implant side leg and the non-implant side leg. This finding was in accordance with
DXA findings of more muscle mass in all areas in the MoM THA/HRA group compared
to the MoP THA group. These findings have high consistency with previous literature
that suggest general lower limb weakness due to reduction in muscle size (i.e., muscle
atrophy) [41]. This was in line with our expectations, because the MoM THA/HRA group
was generally younger and included more male patients than the MoP THA group, and an
age- and sex-related reduction in muscle power has previously been reported [42,43]. The
sub analysis revealed that the inter-limb difference in mean muscle mass between MoM
THA/HRA and MoP THA was not significant when comparing males to males or females
to females. This might be due to type II error as a result of smaller samples. However,
the significance of the other reported results had high consistency with the results already
reported at overall MoM vs. MoP group levels in the results section.

Other studies have reported MRI-detected muscle atrophy around MoM hip articula-
tions [44–48]. Berber et al. [45] investigated 74 MoM hip arthroplasties, 51 implanted by a
posterior approach, 21 by a lateral approach, and 2 unknown. Berber et al. found that 75%
had muscle atrophy of gluteus minimus and 50% had muscle atrophy of gluteus medius,
with a median MRI-scan interval of 11 months. Likewise, Toms et al. [48] investigated
20 patients with MoM hip arthroplasties, mainly implanted by the posterior approach and
a few by the antero-lateral approach, and reported that 45% had muscle atrophy of the
gluteus minimus, and 40% had muscle atrophy of the gluteus medius. Besides the theory
of muscle atrophy in MoM hip arthroplasties being surgery-induced, some studies suggest
that it may be related to an exaggerated inflammatory response to the metal wear debris
created by MoM hip articulations, which is thought to reduce function [44,45]. Unfortu-
nately, our data failed to point out which theory is most likely. Rasch et al. [49] also found
persistent muscle atrophy around the hip joint two years after MoP THA with a posterior
surgical access compared to the contralateral hip.

We chose a step test, which mimics the physical performance of getting into a bus or
climbing stairs. Stepping up and down requires balance and a greater range of motion,
and is able to identify inter-limb compensations in comparison to level walking [50]. In
a step test it is not possible to compensate by shifting weight toward the unaffected leg.
Instead, patients compensate with higher trunk flexion and vertical and antero-posterior
acceleration to decrease the single leg loading time while stepping up. We found that
patients undergoing MoM THA/HRA had significantly less time asymmetry compared
to patients undergoing MoP THA when ascending the step bench (11.6% vs. 20.6%).
Bolink et al. [31] reported step time asymmetry in 20% of patients with knee osteoarthritis
compared to 11% in healthy subjects, and these results from the healthy subjects are similar
to our results from MoM THA/HRA. This supports our hypothesis that MoM THA/HRA
contributes to superior outcomes in performance-based tests compared to MoP THA.
However, it could also reflect that patients undergoing MoM THA/HRA had more muscle
power in both legs compared with MoP THA, inherently allowing movements that are
more symmetrical and less compensation during stepping. However, our data failed to
demonstrate differences in step test rotation and acceleration asymmetry between MoM
THA/HRA and MoP THA. This was surprising because the patients undergoing MoM
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THA/HRA in our study had more muscle mass and muscle power compared to MoP THA.
Furthermore, our MoM THA/HRA group was younger and included more male patients
than the MoP THA group. A possible explanation for this could be that the inter-limb
difference in muscle mass of the hip and thigh ROI and muscle power were similar between
groups, and that the inter-limb difference is of greater importance related to asymmetry
than the absolute muscle mass and power found in each leg in performance-based tests.
Five patients did not perform the step test. One patient from the MOM HRA group had
recently had a knee operation. Four patients experienced balance problems, where one was
from the MoM HRA group and three from the MoP THA group. Data from another four
patients in the MoM THA/HRA group, and one in the MoP THA group, were missing due
to technical problems with the IMU recorder. Thus, the results of the step test remained
from 64 patients, 45 in the MoM THA/HRA group and 19 in the MoP THA group. Ten
patients did not use the 40 cm step bench, but they accomplished the 30 cm step bench,
four in the MoM THA/HRA group and six in the MoP THA group.

The scores for PROMs, HHS, and HAGOS, were similar between the two groups,
MoM THA/HRA and MoP THA, which is in line with findings by Varnum et al. [51]. In
a nationwide, population-based cross-sectional study, Varnum et al. found similar mean
scores when comparing MoM THA/HRA and MoP THA in the PROMs: the five HOOS
subscales, the EQ-5D index, EQ VAS score, and the UCLA activity score. Overall, this
suggests that MoM THA/HRA is not superior to MoP THA in outcomes that are important
to the patients.

The clinical application of the results in this study are that muscle mass and power
were reduced in the affected lower limb compared to the non-affected lower limb for
both prothesis types, indicating that both groups may benefit from a strength training
intervention in their rehabilitation. The inter-limb differences in muscle mass were not
statistically significant in thigh-, hip and thigh-, and calf area, but only in the hip area,
indicating that patients with MoM/HRA THA may need more specific hip strength training
than patients with MoP THA. Furthermore, the study highlights that absolute muscle
strength and power may not determine the functional outcome in patients with MoM/HRA
THA or MoP THA. The MoM/HRA THA group had more muscle mass in each area
compared to the MoP THA group and could produce significantly more muscle power.
However, their inter-limb differences or relative muscle strength and power were not
significantly different. Therefore, physiotherapists should in the rehabilitation target the
resistance training on inter-limb differences in muscle mass or power rather than focusing
on absolute muscle mass and power

Our study has several limitations. First, the MoM THA/HRA group was generally
younger and included more males than the MoP THA group, and the two groups also
differed in years since operation. Age- and gender-matched groups with comparable
follow-up time might have changed the results. Even if we could not verify our hypothesis
of superior functional outcomes in MoM THA/HRA compared to MoP THA, this does not
seem to have affected the conclusion of our results. However, a comparative strength of
the groups presented in this study is that patients were of similar nationality, they were
included in the same institution with the same indication for surgery, operated by the same
surgeons, investigated using the same equipment, and investigated by the same observers.
Secondly, the lack of a healthy subject control group prevented comparisons to normative
data. Thirdly, our study lacked comparisons with preoperative data, and the fact that any
osteoarthritis of the non-prosthetic hip also affects the function. However, we expect that
this would bias our results equally in both groups and thus not affect the between-group
comparisons. Fourthly, physical and functional capabilities embodying concepts such as
muscle strength and power can be confounded by covariates such as sex and age, which are
the two covariates we have used to explain differences between the prostheses (MoM/HRA
THA vs. MoP THA) [52]. However, inclusion of other covariates such as patient preoperative
functional status should have been included to provide a more accurate explanation of the
differences [53,54]. Fifthly, DXA-scan is not a gold standard but a reference standard for lean
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mass quantification as it cannot quantify fatty infiltration of muscle [55]. Fatty infiltration of
muscles after THA is well established in the literature [56–58]. Thus, potential differences or
similarities in muscle mass or power between the two prostheses might be due to imprecise
quantification of lean mass. However, a strength of the DXA-scan is its high correlation
with its more expensive alternatives, MRI-scan and CT-scan, for measures of muscle mass.
Sixthly, the effect of the surgical approach (i.e., posterior or antero-lateral) with detachment
of different muscles has not been accounted for in this study. Most patients underwent
a posterior surgical approach (MoM THA, n = 18, MoM HRA THA, n = 22 and MoP
THA, n = 23) and a few underwent an antero-lateral surgical approach (MoM HRA THA,
n = 11). The evidence of long term implications comparing surgical approaches on clinical,
functional, and patient-reported outcomes are sparse [59]. A study found no significant
differences in muscle strength between surgical approaches at 3-months follow-up, and
another study found no differences in the patient-reported outcome Oxford Hip Score at
5 years follow-up, thus the surgical approach may not have been a significant confounder
for muscle strength or patient-reported outcome at mid- to long-term follow-up [60,61].
Finally, our study investigated MoM THA/HRA, the use of which has fallen sharply in
clinical practice because of side effects as a result of ARMD. However, the study still
contributes with results that can be used to evaluate the effects of a larger femoral head
compared to a smaller femoral head.

5. Conclusions

Patients undergoing MoM THA/HRA had more muscle mass and leg power compared
with MoP THA in the implant side leg and non-implant side leg at mid- to long-term follow-
up. In the MoM THA/HRA group, the inter-limb difference in muscle mass in the hip area
was higher, which may be related to surgical factors or to an inflammatory response to
the metal wear debris. The inter-limb difference in muscle mass was similar in the other
regions of interest. Even though the MoM THA/HRA group had more muscle mass and
power in both legs, only time asymmetry when ascending during the step test was better
in comparison with MoP THA. Overall, we could not verify the hypothesis that MoM
THA/HRA contributes to superior functional outcomes in muscle mass, muscle power,
physically demanding tests, or patient-reported outcome measures compared to MoP THA.
Due to the disproportionate groups, future studies comparing outcome measures between
MoM/HRA THA and MoP THA should optimally contain a larger sample size with more
homogeneous groups in terms of gender and years since operations, and finally should
adjust for the effect of age.

Author Contributions: Conceptualization, M.H.H., M.S. and I.M.; methodology, M.H.H., M.S. and
I.M.; software, M.H.H.; validation, M.S., M.T., I.M. and F.N.F.; formal analysis, M.H.H.; investigation,
M.H.H., M.S., I.M. and M.T.; resources, M.H.H., M.T., I.M., M.T. and F.N.F.; data curation, M.H.H.;
writing—original draft preparation, M.H.H.; writing—review and editing, F.N.F.; visualization,
M.H.H.; supervision, M.S. and I.M.; project administration, M.H.H.; funding acquisition, M.H.H.,
M.S. and I.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from Bevica Fonden, Aase and Ejnar Danielsen’s Foundation
and Zimmer Biomet.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Central Denmark Region Committee on Health Research Ethics
(17 March 2014; jr. nr.: 1-10-72-65-14) and the Danish Data Protection Agency (17 February 2014; jr.
nr.: 2007-58-0010, Trial nr.: 1-16-02-87-14).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: As part of the Data Use Agreement at the Danish Hip Arthroplasty
Registry, authors are not allowed to provide raw data. Upon reasonable request, the corresponding
author will provide the statistical programming codes used to generate the results.



Appl. Sci. 2022, 12, 12772 11 of 13

Acknowledgments: We thank Lone Loevgren, Rikke Moerup, Peter Bo Joergensen, and Inger Krog-
Mikkelsen for their help in arranging the follow-up.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wylde, V.; Blom, A.W. Assessment of outcomes after hip arthroplasty. Hip Int. 2009, 19, 1–7. [CrossRef]
2. Jinks, C.; Lewis, M.; Croft, P. Health status after hip or knee arthroplasty. Ann. Rheum. Dis. 2003, 62, 700–701. [CrossRef] [PubMed]
3. Jones, C.A.; Voaklander, D.C.; Johnston, D.W.; Suarez-Almazor, M.E. Health related quality of life outcomes after total hip and

knee arthroplasties in a community based population. J. Rheumatol. 2000, 27, 1745–1752. [PubMed]
4. Wilkinson, J.M.; Hamer, A.J.; Stockley, I.; Eastell, R. Polyethylene wear rate and osteolysis: Critical threshold versus continuous

dose-response relationship. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2005, 23, 520–525. [CrossRef]
5. Dumbleton, J.H.; Manley, M.T.; Edidin, A.A. A literature review of the association between wear rate and osteolysis in total hip

arthroplasty. J. Arthroplast. 2002, 17, 649–661. [CrossRef] [PubMed]
6. Numair, J.; Joshi, A.B.; Murphy, J.C.; Porter, M.L.; Hardinge, K. Total hip arthroplasty for congenital dysplasia or dislocation of

the hip. Survivorship analysis and long-term results. J. Bone Jt. Surg. Am. Vol. 1997, 79, 1352–1360. [CrossRef] [PubMed]
7. Varnum, C.; Pedersen, A.B.; Kjærsgaard-Andersen, P.; Overgaard, S. Comparison of the risk of revision in cementless total

hip arthroplasty with ceramic-on-ceramic and metal-on-polyethylene bearings: Data on 11,096 patients from the Danish Hip
Arthroplasty Registry. Acta Orthop. 2015, 86, 477–484. [CrossRef] [PubMed]

8. Cuckler, J.M.; Moore, K.D.; Lombardi, A.V.; Jr McPherson, E.; Emerson, R. Large versus small femoral heads in metal-on-metal
total hip arthroplasty. J. Arthroplast. 2004, 19, 41–44. [CrossRef]

9. Drummond, J.; Tran, P.; Fary, C. Metal-on-Metal Hip Arthroplasty: A Review of Adverse Reactions and Patient Management.
J. Funct. Biomater. 2015, 6, 486–499. [CrossRef]

10. Silverman, E.J.; Ashley, B.; Sheth, N.P. Metal-on-metal total hip arthroplasty: Is there still a role in 2016? Curr. Rev. Musculoskelet.
Med. 2016, 9, 93–96. [CrossRef]

11. Pijls, B.G.; Meessen, J.; Schoones, J.W.; Fiocco, M.; van der Heide, H.J.L.; Sedrakyan, A.; Nelissen, R. Increased mortality in
metal-on-metal versus non-metal-on-metal primary total hip arthroplasty at 10 years and longer follow-up: A systematic review
and meta-analysis. Ned. Tijdschr. Geneeskd. 2017, 161, D1162. [CrossRef] [PubMed]

12. Tsikandylakis, G.; Mohaddes, M.; Cnudde, P.; Eskelinen, A.; Kärrholm, J.; Rolfson, O. Head size in primary total hip arthroplasty.
EFORT Open Rev. 2018, 3, 225–231. [CrossRef] [PubMed]

13. Holappa, E.; Kettunen, J.; Miettinen, H.; Kröger, H.; Miettinen, S. Long-term survival analysis of cementless large-diameter head
metal-on-metal total hip arthroplasty. Arch. Orthop. Trauma Surg. 2022. Online ahead of print. [CrossRef] [PubMed]

14. Bitar, C.; Moberg, I.; Krupic, F.; Wretenberg, P.; Otten, V.; Crnalic, S. 11-Year outcomes in patients with metal-on-metal ASR hip
arthroplasty. J. Orthop. 2022, 32, 98–103. [CrossRef]

15. Clough, E.J.; Clough, T.M. Metal on metal hip resurfacing arthroplasty: Where are we now? J. Orthop. 2021, 23, 123–127. [CrossRef]
16. Jensen, C.; Aagaard, P.; Overgaard, S. Recovery in mechanical muscle strength following resurfacing vs standard total hip

arthroplasty—A randomised clinical trial. Osteoarthr. Cartil. 2011, 19, 1108–1116. [CrossRef]
17. Lavigne, M.; Therrien, M.; Nantel, J.; Roy, A.; Prince, F.; Vendittoli, P.A. The John Charnley Award: The functional outcome of hip

resurfacing and large-head THA is the same: A randomized, double-blind study. Clin. Orthop. Relat. Res. 2010, 468, 326–336. [CrossRef]
18. Mont, M.A.; Seyler, T.M.; Ragland, P.S.; Starr, R.; Erhart, J.; Bhave, A. Gait analysis of patients with resurfacing hip arthroplasty

compared with hip osteoarthritis and standard total hip arthroplasty 231. J. Arthroplast. 2007, 22, 100–108. [CrossRef]
19. Nantel, J.; Termoz, N.; Vendittoli, P.A.; Lavigne, M.; Prince, F. Gait patterns after total hip arthroplasty and surface replacement

arthroplasty. Arch. Phys. Med. Rehabil. 2009, 90, 463–469. [CrossRef]
20. Nantel, J.; Termoz, N.; Centomo, H.; Lavigne, M.; Vendittoli, P.A.; Prince, F. Postural balance during quiet standing in patients

with total hip arthroplasty and surface replacement arthroplasty. Clin. Biomech. 2008, 23, 402–407. [CrossRef]
21. Gerhardt, D.M.J.M.; Mors, T.G.T.; Hannink, G.; Van Susante, J.L.C. Resurfacing hip arthroplasty better preserves a normal gait

pattern at increasing walking speeds compared to total hip arthroplasty. Acta Orthop. 2019, 90, 231–236. [CrossRef]
22. Hjorth, M.H.; Stilling, M.; Lorenzen, N.D.; Jakobsen, S.S.; Soballe, K.; Mechlenburg, I. Block-step asymmetry 5 years after

large-head metal-on-metal total hip arthroplasty is related to lower muscle mass and leg power on the implant side. Clin. Biomech.
2014, 29, 684–690. [CrossRef]

23. World Medical Association. Declaration of Helsinki Ethical Principles for Medical Research Involving Human Subjects. JAMA
2013, 310, 2191–2194. [CrossRef]

24. Elia, M.; Fuller, N.J.; Hardingham, C.R.; Graves, M.; Screaton, N.; Dixon, A.K.; Ward, L.C. Modeling leg sections by bioelectrical
impedance analysis, dual-energy X-ray absorptiometry, and anthropometry: Assessing segmental muscle volume using magnetic
resonance imaging as a reference 25. Ann. N. Y. Acad Sci. 2000, 904, 298–305. [CrossRef]

25. Fuller, N.J.; Hardingham, C.R.; Graves, M.; Screaton, N.; Dixon, A.K.; Ward, L.C.; Elia, M. Assessment of limb muscle and adipose
tissue by dual-energy X-ray absorptiometry using magnetic resonance imaging for comparison 28. Int. J. Obes. Relat. Metab.
Disord. 1999, 23, 1295–1302. [CrossRef]

http://doi.org/10.1177/112070000901900101
http://doi.org/10.1136/ard.62.8.700
http://www.ncbi.nlm.nih.gov/pubmed/12860721
http://www.ncbi.nlm.nih.gov/pubmed/10914862
http://doi.org/10.1016/j.orthres.2004.11.005
http://doi.org/10.1054/arth.2002.33664
http://www.ncbi.nlm.nih.gov/pubmed/12168184
http://doi.org/10.2106/00004623-199709000-00009
http://www.ncbi.nlm.nih.gov/pubmed/9314397
http://doi.org/10.3109/17453674.2015.1012975
http://www.ncbi.nlm.nih.gov/pubmed/25637339
http://doi.org/10.1016/j.arth.2004.09.006
http://doi.org/10.3390/jfb6030486
http://doi.org/10.1007/s12178-016-9323-1
http://doi.org/10.1371/journal.pone.0156051
http://www.ncbi.nlm.nih.gov/pubmed/28832291
http://doi.org/10.1302/2058-5241.3.170061
http://www.ncbi.nlm.nih.gov/pubmed/29951260
http://doi.org/10.1007/s00402-022-04633-9
http://www.ncbi.nlm.nih.gov/pubmed/36197490
http://doi.org/10.1016/j.jor.2022.05.015
http://doi.org/10.1016/j.jor.2020.12.036
http://doi.org/10.1016/j.joca.2011.06.011
http://doi.org/10.1007/s11999-009-0938-z
http://doi.org/10.1016/j.arth.2006.03.010
http://doi.org/10.1016/j.apmr.2008.08.215
http://doi.org/10.1016/j.clinbiomech.2007.10.011
http://doi.org/10.1080/17453674.2019.1594096
http://doi.org/10.1016/j.clinbiomech.2014.03.007
http://doi.org/10.1001/jama.2013.281053
http://doi.org/10.1111/j.1749-6632.2000.tb06471.x
http://doi.org/10.1038/sj.ijo.0801070


Appl. Sci. 2022, 12, 12772 12 of 13

26. Villadsen, A.; Roos, E.M.; Overgaard, S.; Holsgaard-Larsen, A. Agreement and reliability of functional performance and muscle
power in patients with advanced osteoarthritis of the hip or knee 2. Am. J. Phys. Med. Rehabil. 2012, 91, 401–410. [CrossRef]

27. Mikkelsen, L.R.; Mikkelsen, S.; Søballe, K.; Mechlenburg, I.; Petersen, A.K. A study of the inter-rater reliability of a test battery for
use in patients after total hip replacement. Clin. Rehabil. 2015, 29, 165–174. [CrossRef]

28. Toft Nielsen, E.; Jørgensen, P.B.; Mechlenburg, I.; Sørensen, H. Validation of an inertial measurement unit to determine counter-
movement jump height. Asia-Pac. J. Sport. Med. Arthrosc. Rehabil. Technol. 2019, 16, 8–13. [CrossRef]

29. Luinge, H.J.; Veltink, P.H. Measuring orientation of human body segments using miniature gyroscopes and accelerometers. Med.
Biol. Eng. Comput. 2005, 43, 273–282. [CrossRef]

30. Zijlstra, W.; Hof, A.L. Assessment of spatio-temporal gait parameters from trunk accelerations during human walking. Gait
Posture 2003, 18, 1–10. [CrossRef]

31. Bolink, S.A.; van Laarhoven, S.N.; Lipperts, M.; Heyligers, I.C.; Grimm, B. Inertial sensor motion analysis of gait, sit-stand transfers and
step-up transfers: Differentiating knee patients from healthy controls 2. Physiol. Meas. 2012, 33, 1947–1958. [CrossRef]

32. van den Akker-Scheek, I.; Stevens, M.; Bulstra, S.K.; Groothoff, J.W.; van Horn, J.R.; Zijlstra, W. Recovery of gait after short-stay
total hip arthroplasty. Arch. Phys. Med. Rehabil. 2007, 88, 361–367. [CrossRef]

33. Senden, R.; Grimm, B.; Heyligers, I.C.; Savelberg, H.H.; Meijer, K. Acceleration-based gait test for healthy subjects: Reliability and
reference data. Gait Posture 2009, 30, 192–196. [CrossRef]

34. Senden, R.; Heyligers, I.C.; Meijer, K.; Savelberg, H.; Grimm, B. Acceleration-based motion analysis as a tool for rehabilitation:
Exploration in simulated functional knee limited walking conditions. Am. J. Phys. Med. Rehabil. 2011, 90, 226–232. [CrossRef]

35. Jorgensen, P.B.; Bogh, S.B.; Kierkegaard, S.; Sorensen, H.; Odgaard, A.; Soballe, K.; Mechlenburg, I. The efficacy of early initiated,
supervised, progressive resistance training compared to unsupervised, home-based exercise after unicompartmental knee
arthroplasty: A single-blinded randomized controlled trial. Clin. Rehabil. 2017, 31, 61–70. [CrossRef]

36. Kierkegaard, S.; Jorgensen, P.B.; Dalgas, U.; Soballe, K.; Mechlenburg, I. Pelvic movement strategies and leg extension power in
patients with end-stage medial compartment knee osteoarthritis: A cross-sectional study. Arch. Orthop. Trauma Surg. 2015, 135,
1217–1226. [CrossRef]

37. Harris, W.H. 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. J. Bone Jt. Surg. Am. Vol. 1969, 51, 737–755. [CrossRef]

38. Thorborg, K.; Holmich, P.; Christensen, R.; Petersen, J.; Roos, E.M. The Copenhagen Hip and Groin Outcome Score (HAGOS):
Development and validation according to the COSMIN checklist. Br. J. Sport. Med. 2011, 45, 478–491. [CrossRef]

39. Nilsdotter, A.; Bremander, A. Measures of hip function and symptoms: Harris Hip Score (HHS), Hip Disability and Osteoarthritis
Outcome Score (HOOS), Oxford Hip Score (OHS), Lequesne Index of Severity for Osteoarthritis of the Hip (LISOH), and American
Academy of Orthopedic Surgeons (AAOS) Hip and Knee Questionnaire. Arthritis Care Res. 2011, 63 (Suppl. S11), S200–S207.

40. Altman, D.G. Practical Statistics for Medical Research; Chapman & Hall: London, UK, 2009.
41. Loureiro, A.; Mills, P.M.; Barrett, R.S. Muscle weakness in hip osteoarthritis: A systematic review. Arthritis Care Res. 2013, 65,

340–352. [CrossRef]
42. Skelton, D.A.; Greig, C.A.; Davies, J.M.; Young, A. Strength, power and related functional ability of healthy people aged 65–89

years 12. Age Ageing 1994, 23, 371–377. [CrossRef] [PubMed]
43. Marsh, A.P.; Miller, M.E.; Rejeski, W.J.; Hutton, S.L.; Kritchevsky, S.B. Lower extremity muscle function after strength or power

training in older adults. J. Aging Phys. Act. 2009, 17, 416–443. [CrossRef] [PubMed]
44. Pandit, H.; Glyn-Jones, S.; McLardy-Smith, P.; Gundle, R.; Whitwell, D.; Gibbons, C.L.; Ostlere, S.; Athanasou, N.; Gill, H.S.;

Murray, D.W. Pseudotumours associated with metal-on-metal hip resurfacings. J. Bone Jt. Surg. Br. Vol. 2008, 90, 847–851.
[CrossRef] [PubMed]

45. Berber, R.; Khoo, M.; Cook, E.; Guppy, A.; Hua, J.; Miles, J.; Carrington, R.; Skinner, J.; Hart, A. Muscle atrophy and metal-on-metal
hip implants: A serial MRI study of 74 hips. Acta Orthop. 2015, 86, 351–357. [CrossRef] [PubMed]

46. Parsons, T.M.; Satchithananda, K.; Berbe, R.; Siddiqui, I.A.; Robinson, E.; Hart, A.J. MRI investigations in patients with problems
due to metal-on-metal implants. Orthopade 2013, 42, 629–636.

47. Hayter, C.L.; Gold, S.L.; Koff, M.F.; Perino, G.; Nawabi, D.H.; Miller, T.T.; Potter, H.G. MRI findings in painful metal-on-metal hip
arthroplasty. AJR Am. J. Roentgenol. 2012, 199, 884–893. [CrossRef]

48. Toms, A.P.; Marshall, T.J.; Cahir, J.; Darrah, C.; Nolan, J.; Donell, S.T.; Barker, T.; Tucker, J.K. MRI of early symptomatic metal-on-metal
total hip arthroplasty: A retrospective review of radiological findings in 20 hips. Clin. Radiol. 2008, 63, 49–58. [CrossRef]

49. Rasch, A.; Byström, A.H.; Dalén, N.; Martinez-Carranza, N.; Berg, H.E. Persisting muscle atrophy two years after replacement of
the hip. J. Bone Jt. Surg. Br. Vol. 2009, 91-B, 583–588. [CrossRef]

50. Foucher, K.C.; Hurwitz, D.E.; Wimmer, M.A. Do gait adaptations during stair climbing result in changes in implant forces in
subjects with total hip replacements compared to normal subjects? Clin. Biomech. 2008, 23, 754–761. [CrossRef]

51. Varnum, C.; Pedersen, A.B.; Kjærsgaard-Andersen, P.; Overgaard, S. Do different types of bearings and noise from total hip
arthroplasty influence hip-related pain, function, and quality of life postoperatively?: A cross-sectional study from the Danish
Hip Arthroplasty Registry. Acta Orthop. 2016, 87, 567–574. [CrossRef]

52. Kasper, J.D.; Chan, K.S.; Freedman, V.A. Measuring Physical Capacity. J. Aging Health 2017, 29, 289–309. [CrossRef]
53. Dempsey, K.; Collins, J.; Ghazinouri, R.; Alcantara, L.; Thornhill, T.; Katz, J. Associations between preoperative functional status

and functional outcomes of total joint replacement in the Dominican Republic. Rheumatology 2013, 52, 1802–1808. [CrossRef]

http://doi.org/10.1097/PHM.0b013e3182465ed0
http://doi.org/10.1177/0269215514534088
http://doi.org/10.1016/j.asmart.2018.09.002
http://doi.org/10.1007/BF02345966
http://doi.org/10.1016/S0966-6362(02)00190-X
http://doi.org/10.1088/0967-3334/33/11/1947
http://doi.org/10.1016/j.apmr.2006.11.026
http://doi.org/10.1016/j.gaitpost.2009.04.008
http://doi.org/10.1097/PHM.0b013e31820b151a
http://doi.org/10.1177/0269215516640035
http://doi.org/10.1007/s00402-015-2276-9
http://doi.org/10.2106/00004623-196951040-00012
http://doi.org/10.1136/bjsm.2010.080937
http://doi.org/10.1002/acr.21806
http://doi.org/10.1093/ageing/23.5.371
http://www.ncbi.nlm.nih.gov/pubmed/7825481
http://doi.org/10.1123/japa.17.4.416
http://www.ncbi.nlm.nih.gov/pubmed/19940322
http://doi.org/10.1302/0301-620X.90B7.20213
http://www.ncbi.nlm.nih.gov/pubmed/18591590
http://doi.org/10.3109/17453674.2015.1006981
http://www.ncbi.nlm.nih.gov/pubmed/25588091
http://doi.org/10.2214/AJR.11.8203
http://doi.org/10.1016/j.crad.2007.07.012
http://doi.org/10.1302/0301-620X.91B5.21477
http://doi.org/10.1016/j.clinbiomech.2008.02.006
http://doi.org/10.1080/17453674.2016.1225649
http://doi.org/10.1177/0898264316635566
http://doi.org/10.1093/rheumatology/ket180


Appl. Sci. 2022, 12, 12772 13 of 13

54. Raad, M.; Amin, R.M.; El Abiad, J.M.; Puvanesarajah, V.; Best, M.J.; Oni, J.K. Preoperative Patient Functional Status Is an
Independent Predictor of Outcomes After Primary Total Hip Arthroplasty. Orthopedics 2019, 42, e326–e330. [CrossRef]

55. Buckinx, F.; Landi, F.; Cesari, M.; Fielding, R.A.; Visser, M.; Engelke, K.; Maggi, S.; Dennison, E.; Al-Daghri, N.M.;
Allepaerts, S.; et al. Pitfalls in the measurement of muscle mass: A need for a reference standard. J. Cachexia Sarcopenia Muscle
2018, 9, 269–278. [CrossRef]

56. Kovalak, E.; Özdemir, H.; Ermutlu, C.; Obut, A. Assessment of hip abductors by MRI after total hip arthroplasty and effect of
fatty atrophy on functional outcome. Acta Orthop. Traumatol. Turc. 2018, 52, 196–200. [CrossRef]

57. Vadalà, A.P.; Mazza, D.; Desideri, D.; Iorio, R.; Fedeli, G.; Scrivano, M.; Serlorenzi, P.; Ferretti, A. Could the tendon degeneration and the
fatty infiltration of the gluteus medius affect clinical outcome in total hip arthroplasty? Int. Orthop. 2020, 44, 275–282. [CrossRef]

58. Klemt, C.; Simeone, F.J.; Melnic, C.M.; Tirumala, V.; Xiong, L.; Kwon, Y.-M. MARS MRI assessment of fatty degeneration of the
gluteal muscles in patients with THA: Reliability and accuracy of commonly used classification systems. Skeletal Radiol. 2021, 50,
665–672. [CrossRef]

59. Petis, S.; Howard, J.L.; Lanting, B.L.; Vasarhelyi, E.M. Surgical approach in primary total hip arthroplasty: Anatomy, technique
and clinical outcomes. Can. J. Surg. J. Can. Chir. 2015, 58, 128–139. [CrossRef]

60. Winther, S.B.; Husby, V.S.; Foss, O.A.; Wik, T.S.; Svenningsen, S.; Engdal, M.; Haugan, K.; Husby, O.S. Muscular strength after
total hip arthroplasty. A prospective comparison of 3 surgical approaches. Acta Orthop. 2016, 87, 22–28. [CrossRef]

61. Palan, J.; Beard, D.J.; Murray, D.W.; Andrew, J.G.; Nolan, J. Which approach for total hip arthroplasty: Anterolateral or posterior?
Clin. Orthop. Relat. Res. 2009, 467, 473–477. [CrossRef]

http://doi.org/10.3928/01477447-20190321-01
http://doi.org/10.1002/jcsm.12268
http://doi.org/10.1016/j.aott.2017.10.005
http://doi.org/10.1007/s00264-019-04468-x
http://doi.org/10.1007/s00256-020-03611-9
http://doi.org/10.1503/cjs.007214
http://doi.org/10.3109/17453674.2015.1068032
http://doi.org/10.1007/s11999-008-0560-5

	Introduction 
	Materials and Methods 
	Patients and Articulations 
	Dual-Energy X-ray Absorptiometry (DXA) Scans 
	Leg Extensor Power Rig (LEPR) 
	Inertial Measurement Unit (IMU) 
	Step Test 
	Harris Hip Score (HHS) and the Copenhagen Hip and Groin Outcome Score (HAGOS) 
	Statistical Analysis 

	Results 
	Dual-Energy X-ray Absorptiometry (DXA) Scans 
	Leg Extensor Power Rig (LEPR) 
	Step Test 
	The Harris Hip Score (HHS) and the Copenhagen Hip and Groin Outcome Score (HAGOS) and Correlations 
	Sub-Analysis Comparing Males to Males, Females to Females 

	Discussion 
	Conclusions 
	References

