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Abstract: Hip dysplasia patients after total hip replacement show worse functional performance
compared to primary osteoarthritis patients, and unfortunately there is no research on muscle
and joint loads that would help understand rehabilitation effects, motor dysfunctions and failure
events. We tested the hypothesis that a higher functional improvement in hip dysplasia patients who
received hip abductor strengthening after hip replacement, would result in different gait function and
musculoskeletal loads during walking compared to patients who performed standard rehabilitation
only. In vivo gait analysis and musculoskeletal modeling were used to analyze the differences in
gait parameters and hip and muscle forces during walking between the two groups of patients.
We found that, in a functional scenario of very mild abnormalities, the patients who performed
muscle strengthening expressed a more physiological force pattern and a generally greater force in
the operated limb, although statistically significant in limited portions of the gait cycle, and likely
related to a higher gait speed. We conclude that in a low-demand task, the abductor strengthening
program does not have a marked effect on hip loads, and further studies on hip dysplasia patients
would help clarify the effect of muscle strengthening on loads.

Keywords: total hip replacement; hip dysplasia; hip abductor muscles; musculoskeletal modeling;
gait analysis; rehabilitation

1. Introduction

Developmental dysplasia of the hip (DDH) features chronic dislocation of the femoral
head, leading to secondary osteoarthritis, contractures and atrophy of the hip abductor
muscles, and resulting in overall motor dysfunction, pain and disability [1]. These mus-
culoskeletal issues can be treated through total hip replacement (THR), which includes a
specific complexity for DDH patients due to difficulties in restoring the ideal center of joint
rotation. The major risks after THR are residual abnormalities in gait and early wear of
the prosthesis, due to poor abduction function and femoral offset [2,3]. Rehabilitation of
the hip abductor muscles has been debated and targeted as a major player in the removal
of residual dysfunctions [4,5], although no consensus has been found on a specific reha-
bilitation protocol for hip abductor strengthening [6,7]. Recent studies on THR patients
following osteoarthritis demonstrated the effectiveness of hip muscle strengthening and
activity retraining intervention on functional outcomes [8,9].

Recently, we have evaluated the effects of a program of abductor exercises on a
population of DDH patients through a randomized prospective study [10]. We found a
significantly higher improvement in clinical and functional scores at follow-ups of a Study
Group that performed a specific muscle strengthening program, compared to a Control
Group that performed standard postoperative rehabilitation only. We concluded that a
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specific protocol for hip abductor strengthening with adequate presurgical planning would
improve functional performance and patient satisfaction in DDH patients after THR.

From a biomechanical perspective, gait analysis studies among THR patients demon-
strated that DDH patients have worse functional performance and unsatisfactory clinical
results compared to primary osteoarthritis patients [11,12]. However, although a few
studies analyzed the effect of hip abductor strengthening on joint loads in osteoarthritis
patients after THR [13,14], there is no literature regarding muscle and joint contact forces
during movement in DDH patients after THR. Muscle and joint loads are related to the
stress at the hip joint, with consequent failure events that may occur as a result of wear,
edge loading, impingement and subluxation [15,16].

Quantifying muscle and joint loads after rehabilitation following THR of DDH patients
would provide insights into the biomechanical effect of a program of exercises, identify
potential compensation strategies, or help explain pain and residual motor dysfunctions.
The state-of-the-art method to quantify musculoskeletal loads includes the use of multibody
models of the musculoskeletal system and patient-specific gait analysis measurements, with
consequent simulations of movement and prediction of the biomechanical variables [17,18].

Therefore, the aim of this study was to analyze the effect of a rehabilitation protocol
for abductor muscle strengthening on gait function and musculoskeletal loads during
walking in DDH patients after THR. We compared gait analysis measurements, joint
contact forces and muscle forces of the hip between a group of patients who performed
the specific rehabilitation protocol and another group of patients who performed standard
rehabilitation only, in the operated and contralateral limb. We tested the hypothesis that
a higher improvement in clinical and functional outcome in patients after hip abductor
strengthening, as shown recently [10], would result in differences in muscle and joint forces
compared to patients who performed standard rehabilitation only.

2. Materials and Methods
2.1. Patients and Experimental Data

Thirty DDH patients were randomly selected from a total of 110 recruited previously
within a multicentric clinical trial [10] about the effects of a strengthening abductor program
in functional performance and patient’s satisfaction. The 30 patients were scheduled for
gait analysis at a follow-up of at least 6 months after THR [19-21]. Ten of them did not
complete the protocol refusing to perform gait analysis, and of the 20 patients that accepted
to perform the exam, 13 were in the rehabilitation arm (Study Group) and seven in the
control arm (Control Group) of the study. After gait analysis data acquisition, one patient
in the Study Group and one patient in the Control Group were excluded because of missing
data on ground reaction forces, therefore 18 patients were included.

All patients were operated with a minimally invasive anterolateral approach for
osteoarthritis secondary to DDH [10], and treated with the same cementless hip implant.
Preoperative planning was carried out with HipOp-Plan software (http://www.hipop-
plan.com/), which allows patient-specific, interactive and user-friendly positioning of the
prosthesis components.

Both groups underwent standard early postoperative rehabilitation based on mobiliza-
tion, gait training and generic muscle strengthening, until patient discharge. In addition,
the Study Group only, performed a 2-week daily rehabilitation program aimed at strength-
ening the hip abductor muscles [8]. Measurements such as Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC), Harris Hip Score and 10 Meter Walk Test
were used to measure the functional outcome.

The institutional Ethics Committee approved the study (n. 0006168, registered in the
local Institutional Registry with the number 26/13), and all patients read and signed an
informed consent.
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2.2. Gait Analysis

After completion of the rehabilitation program, the patients performed state-of-the-art
gait analysis. Each subject performed five trials of barefoot level walking at a self-selected
speed on a 10 m walkway. An additional static trial was recorded in standing upright
position. The subjects were first instrumented with 22 reflective markers on pelvis and
lower limbs following an established protocol [22]. Three-dimensional marker trajectories
and ground reaction force data were collected using an 8-camera motion capture system
(100 Hz, Vicon 612 Motion System, Oxford, UK), and two embedded force platforms
(2000 Hz, Kistler, Winterthur, Switzerland), respectively.

2.3. Musculoskeletal Modeling and Gait Simulations

A generic multibody musculoskeletal model including 14 rigid bodies, 20 degrees of
freedom and 80 musculotendon actuators [23] was used in conjunction with experimental
marker trajectories and ground reaction forces to calculate joint angles, joint moments,
muscle forces and joint contact forces during walking, by leveraging OpenSim [24]. Pre-
liminarily, marker trajectories were processed with a Woltring low-pass filter to smooth
the data with a mean square error of 10 mm, then MATLAB (R2018a, Mathworks, USA)
was used to process marker trajectories and ground reaction forces to generate the input
files and batch process the simulations in OpenSim. First, the model was personalized for
each subject, by scaling the dimensions of each body segment, mass and inertial properties,
and the elements attached to the body segments, based on (i) the distances between the
experimental markers from the static trial and the corresponding virtual markers on the
model, and (ii) body mass. Joint angles during walking were then calculated through
inverse kinematics, by minimizing the errors between experimental and virtual markers.
Joint moments were calculated through inverse dynamics, from the joint angles and the
ground reaction forces. Then, muscle forces were calculated by decomposing the joint
moments among the musculotendon actuators through static optimization, by minimiz-
ing the sum of muscle activation squared and accounting for the force-length—velocity
relationship [25]. Finally, joint contact forces were calculated from the instantaneous force
equilibrium through joint reaction analysis.

All data were normalized to percentage of gait cycle from 1% to 100%, and muscle and
joint contact forces were expressed in body weight (BW). Hip contact forces, and the most
influential muscle forces acting on the hip were analyzed. The muscle forces were grouped
and summed in hip abductor muscles (gluteus medius anterior, middle and posterior,
gluteus minimum anterior, middle and posterior) and hip flexor muscles (iliacus, psoas
and rectus femoris).

2.4. Statistical Analyses

Differences in subject characteristics, functional parameters and peak values in gait
analysis measurements between the Study Group and the Control Group were tested by
using a Mann-Whitney U-test (a = 0.05) for independent nonparametric samples.

The differences in hip contact forces and muscle forces between groups across the
gait cycle were analyzed in both the operated and the contralateral limb. First, the forces
were expressed as mean and standard deviation, and mean differences between groups
were calculated to have a preliminary quantification of the differences for an initial overall
comparison. Then, to evaluate group-wise statistically significant differences, statistical
parametric mapping (SPM) was used [26]. Specifically, nonparametric two-tailed unpaired
t-tests were performed between the variables of the Study Group and the Control Group
(e = 0.05), by using the SPM1D package (SPM, www.spm1d.org, v0.4 [27]) in MATLAB.
Differences were considered clinically relevant if significant differences occurred for at
least 4% of the gait cycle [28].

Further, an analysis on the overall peaks of hip contact forces was performed. First,
force peaks across the gait cycle were calculated and presented as boxplot distributions, and
statistically significant differences between groups were tested by using a Mann-Whitney
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U-test (o = 0.05). Finally, linear correlation (R, p-values) between force peaks and gait speed
was checked in both the Study Group and the Control Group patients.

3. Results
3.1. Function and Gait Analysis Results

The general characteristics of the patients included are reported in Table 1. Age, body
mass, height, and BMI showed no significant differences between the two groups.

Table 1. General characteristics of the patients (Median (IQR)).

Study Group Control Group
Sample Size 12 6
Gender 11 female/1 male 5 female/1 male
Follow-up (months) 7 (1) 7 (1.5)
Age (years) 58.2 (9.4) 53 (6.8)
Body Mass (kg) 63 (8.8) 66 (15)
Height (m) 1.6 (0.04) 1.59 (0.13)
BMI (kg/m?) 24 (3.1) 23.3(3.9)

Measurements from gait analysis demonstrated that cadence and gait speed were
significantly higher in the Study Group, while stance time in the operated side and cycle
time were significantly higher in the Control Group (Table 2). The other time—distance
parameters showed no significant differences.

Table 2. Comparison of time-distance parameters.

Study Control Mann-Whitney
Group Group U-Test
Median IQR Median IQR p-values

Stance time
operated side 61.1 2.4 62.5 55 0.037
(% stride)
Stance time

contralateral side 62.2 3.3 62.9 4.5 0.786
(% stride)
Stride length
operated side 72.9 9.2 67.9 9.2 0.062
(% height)
Stride length
contralateral side 72.5 11.3 70.2 7.3 0.270
(% height)
Cyd‘(’s;‘mes 1.13 0.17 117 0.26 0.007
Cadence
(stride/m) 52.6 7.8 52.2 10.4 0.009
Speed
(c/s) 105.5 21.6 96.3 30.9 0.017

Regarding kinematic measurements, there were no significant differences in pelvic
obliquity and hip range of motion between the Study Group and the Control Group (Table 3).
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Table 3. Comparison of maximum peaks in pelvic and hip kinematics.

Study Control Vi\l/lllz?r::a_
Group Group U-Testy
Median IQR Median IOR p-values
Pelvic obliquity 07 41 23 12 0.658
max peak ‘ ’ ' ' ’
Pelvic obliquity 95 58 33 34 0.999
min peak ' ’ ' ' ’
Hip flex/ext
ROM 324 5.2 34.6 16.1 0.999
Hip abd/add
ROM 10.9 49 10.1 3 0.999
Hip int/ext
rotation 9 42 8.4 2.3 0.999
ROM

3.2. Analysis of the Musculoskeletal Forces

Regarding the forces predicted via musculoskeletal modeling, the hip contact forces
in the operated leg were larger in the Study Group throughout most of the gait cycle,
with a maximum difference of 0.6 BW, although the differences were significant in limited
portions of the gait cycle (Figure 1).

Conversely, hip contact forces in the contralateral leg were larger in the Control Group,
with a maximum difference of —0.6 BW, although not statistically significant (Figure 1).

However, from a qualitative analysis in the shape of the hip contact forces, the Study
Group shows a more physiological pattern where a typical double-bump is present with a
central absorption loading phase, in both the operated and contralateral leg. No remarkable
differences were found in the hip abductor and flexor muscles.

Focusing on the peaks of hip contact forces, no significant differences between the
Study and the Control Group were found in the operated limb, while significant differ-
ences were present in the contralateral limb with higher force peaks in the Control Group
(Figure 2).

In addition, there was a moderate significant correlation between gait speed and
contact force peaks in the hip in the Study Group (R = 0.44, p < 0.001) (Figure 3). The peak
of hip contact force occurred always toward toe off.
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Figure 1. Hip contact forces and muscle forces (normalized to body weight and represented as
mean and standard deviation) of the operated leg (A) and contralateral leg (B) across the gait cycle,
compared between the Study Group and the Control Group. The analysis is focused on the hip,
including joint contact forces and major muscle forces grouped by function. The asterisk (*) indicates
the maximum mean difference. Results from SPM t-tests are reported: when SPM t-values exceed the
critical threshold (horizontal dotted lines), the differences between groups are significant, and when
significant differences occurred for at least 4% of the gait cycle, the areas are reported in grey with

the corresponding p-values.
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Figure 2. Boxplot distributions of the peaks of hip contact forces during gait compared between the
Study and Control Groups, in the operated leg (A) and contralateral leg (B). P-values are reported for
the significant differences between groups (Mann-Whitney U-test).
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Figure 3. Linear correlations between gait speed and hip contact force peaks in all walking trials, for the Study Group
(A) and Control Group (B). Correlation coefficients (R) are reported and indicated with an asterisk (*) when statistically
significant (p < 0.05).

4. Discussion

In this study, we used in vivo motion analysis and multibody musculoskeletal models
to test the hypothesis that a higher improvement in clinical and functional outcome shown
in DDH patients who received hip abductor strengthening after hip replacement [10],
would result in different musculoskeletal loads (i.e., joint contact forces and muscle forces)
during walking compared to patients who performed standard rehabilitation only.

Gait analysis revealed mild abnormalities in the time-distance parameters and in
the pelvic and hip kinematics, with few significant differences between the two groups
(Tables 2 and 3). Although only few articles are available for gait analysis in DDH patients
operated on hip prosthesis [11,19,29], our results are in general agreement with findings of
slower gait, shorter stride, reduced range of motion in the sagittal and coronal planes [11],
and lower pelvic rotation in the coronal plane [29] with respect to healthy subjects. In
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addition, functional outcome data in terms of 10 Meter Walk Test, Harris Hip Score and
WOMAC demonstrated a better outcome in the Study Group with results very similar to
those of the entire sample of patients reported in [10] (Table S1).

Overall, the protocol for abductor muscle strengthening has a mild effect on joint
contact forces and muscle forces during walking in the operated limb. We would have
expected a more marked effect of strengthening on loads from the hypothesis tested, given
the significant difference in abductor strength between groups [10], and the major influence
of hip abductor strength on joint contact forces shown in a previous simulation study [30].
In the present study, the patients in the Study Group generally experienced a greater hip
force in the operated limb compared to the Control Group (Figures 1 and 2), although
with significant differences in a small portion of the gait cycle. This mild difference in
hip contact force is, however, likely related to gait speed, which was greater in the Study
Group (Table 3, Figure 3). The influence of gait speed on hip contact force during the gait
cycle can also explain the force pattern where a typical two-peak pattern is present, more
similar to that in both healthy population and THR patients, with a lower force magnitude
in both peaks compared to the healthy [28,31]. As we found speed as an influent parameter
in our results (Figure 3), we performed a post-hoc analysis where we tried to remove the
two slower walking patients from the six patients of the Control Group, with all possible
cautions in interpreting the results, given the small number of subjects. This led to a
more physiological pattern of hip contact force (i.e., more marked double-bump), but
the statistical significance of the differences between groups was only changed slightly.
Therefore, we decided to keep all patients in the Control Group, considering also that the
two slower patients were globally not more nor less involved than the others.

The lack of differences in muscle forces of the hip abductors and flexors between limbs
is difficult to interpret, also considering that there is no consensus in the literature about
the effect of impaired muscle status on joint contact forces.

Unfortunately, no similar studies are available on hip contact and muscle forces after
THR in DDH patients, indeed this is the first study that analyzed the musculoskeletal loads
during gait in DDH patients after THR. Previous research focused on dysplastic hips [32,33]
or in patients operated on periacetabular osteotomy [34,35]. Serensen et al [35] reported
a normal hip muscle function during walking after 12 month periacetabular osteotomy,
and found that joint force magnitude continued to be higher than normal, justifying this
finding with the need for joint structures of a longer time to heal than muscles, with a
residual pain alleviating strategy. Damm et al. [36] reported a correlation between muscle
atrophy, fatty degeneration and higher hip joint forces. Fatty atrophy was observed after
THR contributing to functional outcome deterioration [37].

Considering that the patients included in the present study underwent CT-based
planning that allowed targeting more accurately the reconstruction of the center of rotation
and other features of the implant, we can suppose that the hip contact force in the Study
Group could represent an optimal outcome in terms of recovery of correct loading, also
symmetric with the contralateral hip. Nevertheless, in the Control Group, the hip force
peak seems to be lower, although not significantly, in the operated limb and significantly
higher in the contralateral limb, which suggests a nonoptimal recovery of the operated hip
function. According to Serensen et al. [35], who found contradictory results assessing hip
joint kinetics in DDH patients by isokinetic dynamometry and gait analysis, walking can
be considered a low-demand task in terms of muscle recruitment, thus more strenuous
activities should be explored in the future for a more robust functional assessment of hip
muscles. Actually, the physical demand on the gluteal muscles is higher during other
common motor tasks (e.g., stairs, squat), and the effect of a more performing muscle might
be more marked [14,36,38,39].

The main limitation of this study is the small sample size of the patients, with relevant
differences between the Study Group and the Control Group. Unfortunately, we were not
able to control the adherence of the patients to the original protocol after 6 months from
surgery. In fact, 10 of the patients randomly included in the subgroup for gait analysis came
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References

from a distance, and at 6-month follow up they declined to participate. This limited sample
size has undoubtedly limited the significance of the observed differences. However, we
believe that this limitation does not invalidate the study, given the absence in the literature
of analogous studies and the importance of the topic, as it could bring preliminary results to
the discussion. Another limitation might regard the lack of gait analysis data before surgery.
It is indeed true that a patient control pre- and postoperation would be of additional help
in interpreting the results, but the gait pattern before surgery is usually confounding for
the presence of leg length discrepancy and pain, hence this choice might be questionable
anyway. Finally, it became evident from the analysis of the results that the chosen motor
task (i.e., walking at self-selected speed), besides being important as the most common
daily task, might not be the best task to highlight the differences induced in kinematics,
joint and muscle loads between the operated and contralateral limb. It is possible that a
higher demanding task, such as squat or stairs, might better highlight the differences. This
should be kept in mind when designing similar studies in the future.

5. Conclusions

In conclusion, in this pilot study we found that the protocol for abductor muscle
strengthening in hip dysplasia patients following total hip replacement does not have a
major effect on muscle and joint contact forces during walking. However, in a functional
scenario of very mild abnormalities, patients who performed muscle strengthening ex-
pressed a more physiological force pattern and a generally greater force in the operated
limb, both likely related to a higher gait speed. Therefore, in a low-demand task such as
walking, the abductor strengthening program leads to more physiological load patterns,
although the differences in magnitude are not marked. Further studies on a larger sample
size of DDH patients are desirable to clarify the effects of abductor muscle strength on hip
joint loads.
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