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Effect of alteration in hip joint alignment
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Purpose: Investigation of the relationship between changes in hip-joint center and hip loading pre- and post-total hip arthroplasty
(THA) is important in evaluating the effect of surgery on motor function. However, few longitudinal studies comparing pre- and post-
THA have been reported. The purpose of this study was to determine the effect of changes in hip-joint center pre- and post-THA on the
magnitude and direction of hip-joint contact force during the gait cycle, using a patient-specific musculoskeletal model. Methods: The
simulation program AnyBody was used to create musculoskeletal models incorporating patient specific hip-joint shape and hip-joint
center position for 17 patients. The relationship between the displacement distance of the hip-joint center and the amount of change in
hip-joint contact force was examined by correlation analysis. Results: A decrease in the medial force ( p ≤ 0.049) and an increase in the
anterior force ( p ≤ 0.001) acting on the hip joint were observed during gait post-THA compared to pre-THA. Mediolateral displacement
of the hip-joint center post-THA compared to pre-THA was significantly positively correlated with the difference in anterior hip-joint
contact force, and negatively to hip-joint medial contact force. Conclusions: Longitudinal observations revealed the effects of change in
hip-joint center position induced by THA on the hip-joint contact force during gait. Therefore, the change of hip-joint center position
during THA can be an important factor for estimating the improvement of motor function following THA.
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1. Introduction

Hip osteoarthritis (OA) induces significant func-
tional impairments and joint pain, resulting in restricted
mobility during activities of daily living. Total hip ar-
throplasty (THA) is one of the most common treat-
ments for hip OA. Reconstruction of impaired hip-joint
function can reduce pain and improve motor function
and quality of life [16], [25]. A variety of studies have
shown that notable functional improvement is observed
until 6 months after surgery [23], [30], [37].

In THA hip reconstruction, acetabular implants are
not always placed in the appropriate anatomical posi-

tion due to the degree of acetabular deformity and bone
loss and the hip joint center (JC) position might change
postoperatively. Previous cross-sectional studies have
suggested that medial or inferior changes in the hip JC
induced by THA reduce the hip joint contact force
(JCF), while lateral or superior changes increase the
hip JCF [7], [13], [24]. The lateral or superior changes
in the hip JC after THA decrease the moment arm and
the moment generating capacity of the abductor mus-
cles, resulting in the increase in resultant hip JCF [11].
In particular, a superior hip JC induced by THA is
considered as one risk factor for loosening of the ace-
tabular component due to increased JCF on the hip
[26]. Repeated excessive chip JCF during activity of

______________________________

* Corresponding author: Kazutaka Hata, Doctoral Department, Course of Health Sciences, Graduate School of Health Sciences, Ka-
goshima University, Kagoshima, Japan, e-mail: kazutaka.93@gmail.com

Received: July 16th, 2023
Accepted for publication: October 13th, 2023



K. HATA et al.16

daily living causes high stress on cup–bone interface,
and decreases the endurance of implant material. These
issues suggest the importance of the change in hip JCF
magnitude and direction due to alteration of hip JC
induced by THA.

Therefore, the quantification of the changes in the
hip JCF induced by THA is important in order to evalu-
ate the effect of surgery on motor function. In addition,
knowledge of the relationship between changes in hip
JC and hip JCF pre- and post-THA would be beneficial
for surgeons and therapists engaged in the interven-
tions for patients with THA. Previous study, reporting
the relationship between the change in hip JC and hip
JCF, was based on cross-sectional analysis. The hip
JCF was affected by various patient characteristics
including body mass index, age and so other parame-
ters [12]. Thus, cross-sectional analysis cannot neces-
sarily reveal the effect of change of the hip JC on the
hip JCF during gait. Hip JCF is often used to estimate
hip joint load, because it reflects anatomical joint
structure, muscle tension force and ground reaction
force. Bergmann et al. [5] directly measured the in
vivo JCF during gait using a strain gage inside the
implant, and the magnitude and direction of the hip
JCF were quantified. However, such mechanical in-
vestigations in vivo are uncommon as they require
insertion of special implants and sophisticated meas-
urement environment. In addition, direct measure-
ments cannot utilize to investigate the hip JCF during
gait in pre-THA patients. On the other hand, musculo-
skeletal model simulation using inverse dynamics is
able to estimate hip JCF non-invasively, allowing for
comparison pre- and post-THA.

Recent studies have reported the benefit of the
musculoskeletal model with patient-specific geometry
to estimate the JCF in patients with joint deformity
[20], [27]. Generic musculoskeletal models are based
on healthy subjects, and it cannot adequately reflect the
anatomical structure in patients with joint deformity.
Therefore, the musculoskeletal model with a patient-
specific geometry allows for more appropriate estima-
tion of the kinetics during gait compared to analysis
using a typically generic musculoskeletal model. Gait
analysis using a patient-specific musculoskeletal model
could reveal the relationship between changes in the
hip JC and hip JCF. However, previous studies have
focused on post-THA, with few longitudinal studies
comparing pre- and post-THA. The lack of study ana-
lyzing the change in hip JCF induced by THA would
be mainly due to the difficulty in adaptation of the
musculoskeletal model to the deformed hip joint with
generic scaling methods by normal bone geometry [21],
[27]. Therefore, there is a lack of knowledge regarding

the relationship between changes in the hip JC and hip
JCF during gait pre- and post-THA.

The purpose of this study was to determine the ef-
fect of change in the hip JC induced by THA surgery
on the JCF on the hip joint during gait by longitudinal
study, using a patient-specific musculoskeletal model.
We hypothesized that the amount of change in the hip
JC by THA correlates with the amount of change in
the magnitude and direction of the hip JCF vector.

2. Materials and methods

2.1. Participants

Sixteen women and one man (age, 61.7 ± 8.5 years;
weight, 56.3 ± 7.0 kg; height, 1.547 ± 0.052 m; mean
± standard deviation) with hip OA participated in this
study. The severity of hip OA is classified into four
stages (pre-OA, initial, advanced, and terminal stages)
according to the guidelines of the Japanese Orthopaedic
Association [31]. The severity of all patients was ter-
minal. All patients underwent primary unilateral total
hip arthroplasty with a lateral approach (9 right-sided
THA and 8 left-sided THA). Participants with other
neurological or orthopedic diseases and previous sur-
gical intervention or lower extremity trauma such as
fractures that could interfere with walking were ex-
cluded. This study was approved by the Ethics Commit-
tee of Kagoshima University Hospital (Approval Num-
ber: 26–37). According to the principles established
in the Helsinki Declaration, written informed consent
was obtained from all patients.

2.2. Musculoskeletal modeling

We developed a patient-specific musculoskeletal
model based on three-dimensional (3D) computed to-
mography (CT) data of bilateral hip joint and compared
the hip JCF during gait pre- and post-THA. The Twente
Lower Extremity Model 2.0 (TLEM) implemented
in the AnyBody Modeling System v. 6.0 (AnyBody,
AnyBody Technology, Aalborg, Denmark), a muscu-
loskeletal simulation software package, was used to
create a musculoskeletal model that incorporated each
patient’s specific hip-joint shape and hip JC position
pre- and post-THA [9].

TLEM consists of a head, thorax, lumbar spine and
both lower limbs. Segments of the lower limb are con-
nected at the hip, knee and ankle joints. The hip joint is
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defined by a spherical joint with 3 degrees of freedom,
and the total degrees of freedom of the model is 32.
The model contains 57 actuators with 173 muscle–
tendon elements, described by Hill-type muscle model
[6], [22]. Pelvis and bilateral femur shape data ob-
tained from preoperative and postoperative 3D-CT
were imported into AnyBody, and a custom scaling
function was used to define 30 reference point land-
marks at the same sites on the pelvis and bilateral
femurs of the 3D-CT and TLEM [2]. The bone shape
of TLEM was morphed so that the reference points of
the CT data and TLEM were matched as closely as
possible, and the pelvic and femoral shapes specific to
the subjects were implemented in TLEM (Fig. 1a) [3].
Another bone shape was morphed from the default
bone shape in TLEM by each patient’s anthropometric
data. The muscle attachments were repositioned based

on the results of morphing and scaling of the bone
geometry.

2.3. Experimental protocol

The hip JC position on the affected side pre- and
post-THA was calculated using 3D preoperative plan-
ning software for THA (ZedView 6.5 Standard LEO
237, LEXY, Tokyo, Japan). The sphere closest to the
3D reconstruction of the femoral head or the hip
prosthesis head was fitted, and the center coordinates
of the sphere were calculated as hip JC [32]. The af-
fected hip JC position was calculated as the position
relative to the symmetrical point of the unaffected hip
JC for the sagittal plane in the anteroposterior (A/P),
superior-inferior (S/I), and mediolateral (M/L) directions

Fig. 1. (a) Hip-joint contact forces were estimated by gait analysis using a musculoskeletal model (AnyBody)
with a patient’s specific hip-joint shapes and hip-joint center position defined based on 3D-CT data.

(b) The affected hip-joint center position was calculated as the position relative to the symmetrical point
for the sagittal plane of the unaffected hip-joint center
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(anterior, superior, and medial as positive; Fig. 1b).
Then, the absolute difference, along the three planes,
between preoperative and postoperative hip JC location
(Diff-JC) was calculated.

Gait analysis was performed twice, 1 or 2 days be-
fore THA and approximately 6 months after surgery
(184.0 ± 24.1 days). The subject walked barefoot at
a self-selected speed along a 10-meter walking path
without a walking aid or physical support at least
10 times [27]. Trajectories of 28 markers placed on
the participant’s torso, pelvis and bilateral lower ex-
tremities, according to the Plug-in Gait model [10]
were recorded at 100 Hz using a 3D motion capture
system consisting of 7 cameras (VICON, Oxford Met-
rics, UK). Ground reaction forces were recorded at
1000 Hz using 2 force plates (AMTI Inc., Watertown,
MA, USA). Marker trajectories and ground reaction
forces were processed using a Butterworth low-pass
filter with cutoff frequencies of 5 and 12 Hz, respec-
tively [35]. Gait cycle events (initial contact, toe off)
was determined from ground reaction force and the
trajectory of heel marker, and the one gait cycle step-

ping on the force plate in the middle of each trial were
analyzed. Data for five gait cycles were used for fur-
ther analysis. Gait speed and step length were calcu-
lated using the coordinate data of the trajectories of
heel markers.

The kinematic and kinetic data obtained from the
motion capture system and the force plates were input
to AnyBody, and the lower limb joint angle, muscle
tension, and JCF during gait were calculated using the
inverse dynamics and optimization method (Fig. 1a)
[9]. Optimization was performed to minimize the total
load of the muscle, indicated by the sum of the cube
of the ratio of muscle output in the maximum muscle
force of each muscle [14], [17].

Hip JCF was calculated in the femoral coordinate
system defined according to the recommendations of
the International Society of Biomechanics and normal-
ized by body weight (BW) [38]. The hip JCF vector
was defined as the JCF vector acting from the femoral
head to the pelvis (Fig. 2). The gait cycle was divided
into an initial double-limb support phase (IDS), a sin-
gle-limb support phase (SST), and a terminal double-

Fig. 2. Hip-joint contact force (JCF) vectors and the inclination angles (positive medial and anterior inclination) of the vector
in the femoral coordinate system (positive superior, medial, and anterior) pre- (gray-solid line) and post- (red-dashed line)

total hip arthroplasty (THA) during each phase of the gait cycle; IDS – initial double-limb support phase,
SST – single-limb support phase, TDS – terminal double-limb support phase: a) frontal plane, b) sagittal plane
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limb support phase (TDS) [28]. The resultant force of
the hip JCF vector in each phase was calculated and the
maximum value was used as the representative value.
In addition, the A/P, S/I, and M/L components, and the
inclination angles of the vector of the maximum hip
JCF in each gait phase were determined (Fig. 2). The
difference in magnitude of each component of the hip
JCF pre- and post-THA (Diff-JCF) was also calculated.

2.4. Statistical analysis

We compared the gait speed, bilateral step length,
bilateral hip flexion, extension, abduction, and adduc-
tion angles, hip JC position and hip JCF of the affected
side, and the inclination angles of the maximum hip
JCF vector of the affected side pre- and post-surgery, to
analyze the kinematic and kinetic changes following
THA. All variables were examined for normality using
the Shapiro–Wilk test, and if a normal distribution could
be assumed, the paired-samples t-test was used, other-
wise, the Wilcoxon signed-rank test was used. The ef-
fect size r was also calculated [8].

Effect of the displacement of hip JC provided by
THA on change in hip JCF was examined by correlation
analysis between Diff-JC (A/P, S/I, and M/L) and Diff-

JCF (A/P, S/I, and M/L), pre- and post-THA. Correla-
tion analysis was performed by Pearson’s product-
moment correlation coefficient or Spearman’s rank cor-
relation coefficient based on the results of the Shapiro–
Wilk test. All statistical analyses were performed using
SPSS statistics 26.0 (IBM, US) with a significance level
of <5%. Effect size was classified into small (r = 0.10),
medium (r = 0.30), and large (r = 0.50), according to
a previous study [8].

3. Results

3.1. Gait speed and kinematics

Gait speed ( p = 0.015) and step length ( p < 0.001)
were significantly increased post-THA (Table 1). The
maximum flexion and extension angle of the affected
hip joint during gait were also significantly increased
post-THA (flexion angle, p = 0.030; extension angle,
p = 0.028; Table 1), but there were no significant
changes in the maximum hip abduction and adduction
angle (abduction angle, p = 0.078; adduction angle,
p = 0.210; Table 1).

Table 1. Gait parameters, kinematics, and hip-joint center position of affected side pre- and post-THA

Pre-THA Post-THA p-value Effect size r

Gait parameters
Gait speed [m/s] 0.74 ± 0.19 0.84 ± 0.23 0.015 0.591
Step length of unaffected side [m] 0.43 ± 0.07 0.48 ± 0.08 0.001 0.709
Step length of affected side [m] 0.43 ± 0.09 0.49 ± 0.08 <0.001 0.775

Maximum hip-joint flexion angle [°]
Unaffected side 23.80 ± 9.42 16.59 ± 5.40 0.002 0.690
Affected side 14.69 ± 7.69 18.60 ± 4.19 0.030 0.513

Maximum hip-joint extension angle [°]
Unaffected side 12.02 ± 9.56 16.71 ± 9.13 0.025 0.526
Affected side 5.12 ± 9.33 10.10 ± 8.18 0.028 0.516

Maximum hip-joint abduction angle [°]
Unaffected side 1.88 ± 3.52 2.13 ± 2.72 0.768 0.075
Affected side 0.86 ± 3.57 2.88 ± 3.51 0.078 0.425

Maximum hip-joint adduction angle [°]
Unaffected side 4.36 ± 3.98 5.01 ± 2.70 0.496 0.172
Affected side 4.76 ± 3.66 3.25 ± 3.10 0.210 0.310

Hip-joint center position of affected side [mm]
A/P direction 2.21 ± 4.94 –2.72 ± 4.58 <0.001 0.856
S/I direction 3.96 ± 7.69 2.20 ± 7.31 0.254 0.284
M/L direction –7.25 ± 8.49 4.40 ± 7.14 <0.001 0.901

Values are mean ± standard deviation, bold indicates significant correlation p < 0.05, THA – Total hip arthroplasty,
A/P – Anterior (+)/Posterior (–), S/I – Superior (+)/Inferior (–), M/L – Medial (+)/Lateral (–).
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3.2. Position of the hip-joint center

Hip JC of the affected side pre-THA was dis-
placed laterally by 7.25 ± 8.49 mm, superiorly by 3.96
± 7.69 mm, and slightly anteriorly by 2.21 ± 4.94 mm
compared to the unaffected side due to hip-joint de-
formity (Table 1). THA moved the hip JC medially by
11.65 ± 5.61 mm and posteriorly by 4.93 ± 2.97 mm
( p < 0.001, Table 1). THA also moved the hip JC
inferiorly by 1.75 ± 5.93 mm, but showed no signifi-
cant difference ( p = 0.254, Table 1).

3.3. Hip-joint contact force
and vector inclination angle

The waveform of the A/P component of the hip JCF
in the affected side during the stance phase showed
a maximum value in the posterior component pre-THA
and showed a bimodal anterior peak post-THA (Fig. 3a).
The A/P component of hip JCF changed direction sig-
nificantly from posterior to anterior post-THA ( p ≤
0.001, Table 2), and resulted in alteration of the incli-
nation angle of hip JCF vector in the sagittal plane
from posterior to anterior ( p < 0.001, Table 2).

The waveform of the M/L component of hip JCF
showed that the acetabulum received medial force
during the stance phase (Fig. 3c), and the medial
force significantly decreased post-THA compared
with pre-THA ( p ≤ 0.049, Table 2). As a result, the
inclination angle of the hip JCF vector at the frontal
plane significantly decreased and changed vertically
after surgery ( p ≤ 0.004, Table 2). The effect size of
the changes in each component of the hip JCF was
0.477–0.878 (Table 2), and that of the change in the
vector inclination angle was 0.695–0.852 (Table 2);
effect size was large. On the other hand, the Resultant
and S/I component waveforms of hip JCF showed
maximum values at SST (Fig. 3b and 3d), with no sig-
nificant changes following THA in any phase ( p >
0.062, Table 2).

3.4. Relationship between change
in hip-joint center and change

in hip-joint contact force

The M/L component of Diff-JC was significantly
positively correlated with the A/P component of Diff-
-JCF in IDS (r = 0.514, p = 0.035) and SST (r = 0.599,

Fig. 3. The components of hip-joint contact force (a – anterior-posterior, b – superior-inferior, c – medial-lateral)
and resultant force (d) pre- (gray-solid line) and post- (red-dashed line) total hip arthroplasty (THA)

expressed as body weight (BW) through the gait cycle (mean ± SD); IDS – initial double-limb support phase,
SST – single-limb support phase, TDS – terminal double-limb support phase
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p = 0.011), and significantly negatively correlated with
the M/L component throughout stance phase (r = –0.815
to –0.787, p < 0.001, Table 3). Shifting of hip JC in
the M/L direction induced by THA increased the an-

terior force and reduced the medial force on hip JCF. On
the other hand, the A/P and S/I components of Diff-JC
post-THA were not significantly correlated with Diff-
-JCF (r = –0.429 to 0.446, p ≥ 0.073, Table 3).

Table 2. Maximum hip-joint contact force and vector inclination angle on the affected side during the stance phase pre- and post-THA

Phase
in gait cycle Pre-THA Post-THA p-value Effect size r

Maximum of hip-joint contact force [BW]
IDS 3.11 ± 1.07 3.03 ± 0.73 0.586 0.054
SST 3.81 ± 1.34 3.87 ± 0.71 0.906 0.029Resultant
TDS 3.01 ± 1.44 2.73 ± 0.60 0.435 0.189
IDS –0.03 ± 0.24 0.27 ± 0.14 0.001 0.803
SST –0.17 ± 0.38 0.25 ± 0.16 0.001 0.832A/P component
TDS –0.22 ± 0.33 0.12 ± 0.16 <0.001 0.878
IDS 2.70 ± 0.92 2.86 ± 0.70 0.637 0.119
SST 3.25 ± 1.17 3.64 ± 0.67 0.062 0.454S/I component
TDS 2.67 ± 1.28 2.63 ± 0.52 0.554 0.144
IDS 1.38 ± 0.84 0.93 ± 0.32 0.049 0.477
SST 1.78 ± 0.97 1.21 ± 0.44 0.028 0.534M/L component
TDS 1.24 ± 0.82 0.66 ± 0.40 0.009 0.637

Inclination angles of hip-joint contact force vector [˚}
IDS 25.75 ± 10.80 17.87 ± 4.64 0.004 0.695
SST 27.74 ± 10.71 18.14 ± 5.44 0.001 0.832Angle in frontal plane
TDS 23.51 ± 10.37 13.03 ± 6.02 <0.001 0.771
IDS –0.57 ± 4.59 5.28 ± 2.01 <0.001 0.808
SST –2.31 ± 4.68 3.93 ± 2.32 <0.001 0.781Angle in sagittal plane
TDS –4.15 ± 3.23 2.52 ± 3.41 <0.001 0.852

Values are mean ± standard deviation. Bold indicates significant correlation p < 0.05. THA – Total hip arthroplasty.
A/P – Anterior (+)/Posterior (–), S/I – Superior (+)/Inferior (–), M/L – Medial (+)/Lateral (–). IDS – Initial double-limb support
phase, SST – Single-limb support phase, TDS – Terminal double-limb support phase.

Table 3. Relationship between change in hip joint center position and change in joint contact force on the affected side post-THA

Diff-JC

A/P direction S/I direction M/L directionVariables Phase
in gait cycle Correlation

coefficient p-value Correlation
coefficient p-value Correlation

coefficient p-value

Diff-JCF
IDS 0.302 0.238 –0.007 0.978 0.514 0.035
SST 0.263 0.308 0.029 0.911 0.599 0.011A/P component
TDS 0.407 0.105 0.064 0.808 0.444 0.074
IDS 0.234 0.366 –0.194 0.456 –0.428 0.087
SST 0.115 0.660 –0.272 0.291 –0.238 0.358S/I component
TDS 0.120 0.646 –0.382 0.130 –0.407 0.105
IDS 0.404 0.107 –0.289 0.260 –0.787 <0.001
SST 0.446 0.073 –0.328 0.198 –0.800 <0.001M/L component
TDS 0.383 0.130 –0.429 0.086 –0.815 <0.001

Values are correlation coefficient. 0.00–0.19 “Very weak”, 0.20–0.39 “Weak”, 0.40–0.59 “Moderate”, 0.60–0.79
“Strong”, 0.80–1.00 “Very strong”. Bold indicates significant correlation p < 0.05. THA, Total hip arthroplasty.
A/P – Anterior (+)/Posterior (–), S/I – Superior (+)/Inferior (–), M/L – Medial (+)/Lateral (–). IDS – Initial double-limb sup-
port phase, SST – Single-limb support phase, TDS – Terminal double-limb support phase; Diff-JC – Difference in
preoperative and postoperative hip-joint center location of the affected side, Diff-JCF – Difference in preoperative and
postoperative hip-joint contact force of the affected side.
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4. Discussion

The purpose of this study was to clarify the effects
of hip JC alteration pre- and post-THA on the load
acting on the hip joint. Simulation using a patient-
specific musculoskeletal model to estimate the hip
JCF during gait showed that the medial component of
the hip JCF significantly decreased, and the A/P com-
ponent changed direction from posterior to anterior
after surgery. As a result, the direction of the hip JCF
vector changed in the vertical in the frontal plane, and
anterior in the sagittal plane. In addition, the change
in A/P and M/L hip JCF was found to be significantly
correlated with the amount of change in hip JC posi-
tion, thus supporting our hypothesis. The strong point
of this study is that it revealed the effects of change in
hip JC position induced by THA on the hip JCF dur-
ing gait through longitudinal observation.

Previous studies report that gait speed and step
length are increased significantly by 6 months post-THA
compared with pre-THA [30], [36]. Similarly, the pres-
ent study showed a significant increase in gait speed
and step length after surgery. The flexion and exten-
sion angle of the operated hip join was significantly
increased post-THA, and this alteration contributed to
the increase in gait speed and step length.

The maximum resultant force in hip JCF post-
THA was 3.87 ± 0.71 BW, and the maximum inclina-
tion angle was about 18° medially in the frontal plane
and about 5° anteriorly in the sagittal plane. Skubich
et al. [35] report that the hip JCF reached 4.04 BW
during gait using musculoskeletal model simulation
in healthy subjects. Bergmann et al. also report that
the direction of the hip JCF vector inclined medially,
13–21°, in the frontal plane and slightly anteriorly,
–1–11°, in the sagittal plane post-THA following analy-
sis in vivo [4]. Our results were consistent with those
reported by previous studies, both pre- and post-THA.

The hip JCF inclined anteriorly and the medial JCF
decreased post-THA in the present study. Previous
studies report that the frontal and sagittal JCF vector
angles in hip JCF are influenced by the anatomical
structure of the hip [40] and that increased medial
force and decreased anterior component are observed
in hip malformation compared with healthy subjects
[19], [34]. Lateral migration of the hip JC decreases
the abductor moment arm and consequently increase
the hip JCF [11].

Approximately a 5° increase in the hip extension
angle during gait, an anterior tilt of the hip JCF vector,
and a greater than 0.3 BW increase in anterior hip JCF
were observed in affected side post-THA. Change in

the hip extension angle during gait post-THA also have
an effect on the direction and magnitude of the hip JCF
vector in the sagittal plane. A previous study reported
that a 2° increase in hip extension angle during gait
leads to an increase of 0.2 BW in the anterior hip JCF
[29]. Meanwhile, a significant relation between the
displacement distance of hip JC post-THA and the
increase in the A/P hip JCF was observed in this study.
These results indicate the importance of the alteration
of the position of hip JC following THA for hip-joint
load and gait function.

Current results showed that participants could
walk with increased speed and step length post-THA
without an increasing the magnitude of the resultant
of hip JCF [18]. Change in hip JC position following
THA would increase the moment arm of the hip ab-
ductor muscles, allowing hip muscle to efficiently
generate joint moments during gait. These alterations
induced with change in hip JC position post-THA
might contribute to the increased gait speed without
excessive hip JCF [1], [13]. Therefore, alteration of
the hip JC position induced by THA provides benefit
to gait function in patients with hip OA. Otherwise,
several limitations should be noted in this study. The
small sample size and recruitment of THA patients
with a lateral approach might make it difficult to
generalize the present results [33], [39]. The magni-
tude and direction of the hip JCF post-THA in the
current study were similar to a previous study, but the
accuracy was less reliable than for in vivo measure-
ment using an implant [15]. We also did not analyze
factors affecting the hip JCF during gait, such as muscle
strength, muscle tension force, and femur neck length
and angle. On the other hand, contrary to our expecta-
tions and previous studies, no significant change in
the vertical direction of hip JC position was observed
in this study. These issues should be addressed in the
further study.

5. Conclusions

In conclusion, a significant relationship among the
displacement distance of M/L hip JC following THA,
a decrease in the M/L force, and an increase in A/P
hip JCF were found in this study. These results sug-
gest that the change of hip JC position induced by
THA can be an important factor for estimating the
improvement of motor function in rehabilitation of
patients post-THA. Therefore, due attention should be
paid to changes in the individual hip JC position in
patients post-THA.



Effect of alteration in hip joint alignment following total hip arthroplasty on hip joint contact force during gait 23

References

[1] ABOLGHASEMIAN M., SAMIEZADEH S., JAFARI D.,
BOUGHERARA H., GROSS A.E., GHAZAVI M.T., Displacement
of the hip center of rotation after arthroplasty of crowe iii and iv
dysplasia: A radiological and biomechanical study, J. Arthro-
plasty, 2013, 28 (6), 1031–1035, DOI: 10.1016/j.arth.
2012.07.042.

[2] ANDERSEN M.S., MELLON S.J., LUND M., The effect of in-
cluding accurate pelvis bony landmarks in a nonlinearly
scaled musculoskeletal lower extremity model, XII Int. Symp.
3D Anal. Hum. Mov., 2012, 2–4.

[3] AnyBody Tutorials v7.2.2, AnyBody Technology, Aalborg,
Denmark.

[4] BERGMANN G., BENDER A., DYMKE J., DUDA G., DAMM P.,
Standardized loads acting in hip implants, PLoS One, 2016,
11 (5), e0155612, DOI: 10.1371/journal.pone.0155612.

[5] BERGMANN G., DEURETZABACHER G., HELLER M., GRAICHEN F.,
ROHLMANN A., STRAUSS J., DUDA G.N., Hip contact forces
and gait patterns from routine activities, J. Biomech., 2001,
34 (7), 859–871, DOI: 10.1016/s0021-9290(01)00040-9.

[6] CARBONE V., FLUIT R., PELLIKAAN P., VAN DER KROGT M.M.,
JANSSEN D., DAMSGAARD M., VIGNERON L., FEILKAS T.,
KOOPMAN H.F.J.M., VERDONSCHOT N., TLEM 2.0 – A com-
prehensive musculoskeletal geometry dataset for subject-
specific modeling of lower extremity, J. Biomech., 2015, 48 (5),
734–741, DOI: 10.1016/j.jbiomech.2014.12.034.

[7] CHARNLEY J., Total hip replacement by low-friction arthro-
plasty, Clin. Orthop. Relat. Res., 1970, 72, 7–21.

[8] COHEN J., Statistical Power Analysis for the Behavioral Sci-
ences, 2nd ed., Hillsdale, New Jersey, NJ: Lawrence Erlbaum
Associates, 1988.

[9] DAMSGAARD M., RASMUSSEN J., CHRISTENSEN S.T., SURMA E.,
DE ZEE M., Analysis of musculoskeletal systems in the Any-
Body Modeling System, Simul. Model Pract. Theory., 2006,
14 (8), 1100–1111, DOI: 10.1016/j.simpat.2006.09.001.

[10] DAVIS III R.B., ÕUNPUU S., TYBURSKI D., GAGE J.R., A gait
analysis data collection and reduction technique, Hum. Mov. Sci.,
1991, 10 (5), 575–587, DOI: 10.1016/0167-9457(91)90046-Z.

[11] DELP S.L., WIXSON R.L., KOMATTU A.V., KOCMOND J.H.,
How superior placement of the joint center in hip arthro-
plasty affects the abductor muscles, Clin. Orthop. Relat. Res.,
1996, 328, 137–146, DOI: 10.1097/00003086-199607000-
00022.

[12] DE PIERI E., LUNN D.E., CHAPMAN G.J., RASMUSSEN K.P.,
FERGUSON S.J., REDMOND A.C., Patient characteristics affect
hip contact forces during gait, Osteoarthritis Cartilage., 2019,
27 (6), 895–905, DOI: 10.1016/j.joca.2019.01.016.

[13] DOEHRING T.C., RUBASH H.E., SHELLEY F.J., SCHWENDEMAN L.J.,
DONALDSON T.K., NAVALGUND Y.A., Effect of superior
and superolateral relocations of the hip center on hip joint
forces: An experimental and analytical analysis, J. Arthro-
plasty, 1996, 11 (6), 693–703, DOI: 10.1016/s0883-5403
(96)80008-8.

[14] ERDEMIR A., MCLEAN S., HERZOG W., VAN DEN BOGERT A.J.,
Model-based estimation of muscle forces exerted during move-
ments, Clin. Biomech., 2007, 22 (2), 131–154, DOI: 10.1016/
j.clinbiomech.2006.09.005.

[15] FISCHER M.C.M., ESCHWEILER J., SCHICK F., ASSELN M.,
DAMM P., RADERMACHER K., Patient-specific musculoskele-
tal modeling of the hip joint for preoperative planning of to-
tal hip arthroplasty: A validation study based on in vivo

measurements, PLoS One, 2018, 13 (4), e0195376, DOI:
10.1371/journal.pone.0195376.

[16] FUKUI K., KANEUJI A., SUGIMORI T., ICHISEKI T., MATSUMOTO T.,
HIEJIMA Y., Clinical assessment after total hip arthroplasty
using the Japanese Orthopaedic Association Hip-Disease
Evaluation Questionnaire, J. Orthop., 2015, 12, S31–S36,
DOI: 10.1016/j.jor.2015.01.021.

[17] GHIASI M.S., ARJMAND N., BOROUSHAKI M., FARAHMAND F.,
Investigation of trunk muscle activities during lifting using
a multi-objective optimization-based model and intelligent
optimization algorithms, Med. Biol. Eng. Comput., 2016, 54
(2–3), 431–440, DOI: 10.1007/s11517-015-1327-2.

[18] GIARMATZIS G., JONKERS I., WESSELING M., VAN ROSSOM S.,
VERSCHUEREN S., Loading of hip measured by hip contact forces
at different speeds of walking and running, J. Bone Miner. Res.,
2015, 30 (8), 1431–1440, DOI: 10.1002/jbmr.2483.

[19] HARRIS M.D., MACWILLIAMS B.A., BO FOREMAN K., PETERS C.L.,
WEISS J.A., ANDERSON A.E., Higher medially-directed joint
reaction forces are a characteristic of dysplastic hips:
A comparative study using subject-specific musculoskeletal
models, J. Biomech., 2017, 54, 80–87, DOI: 10.1016/
j.jbiomech.2017.01.040.

[20] HELLER M.O., BERGMANN G., DEURETZBACHER G., CLAES L.,
HAAS N.P., DUDA G.N., Influence of femoral anteversion on
proximal femoral loading: measurement and simulation in
four patients, Clin. Biomech (Bristol, Avon)., 2001, 16 (8),
644–649, DOI: 10.1016/s0268-0033(01)00053-5.

[21] HELLER M.O., BERGMANN G., DEURETZBACHER G., DÜRSELEN L.,
POHL M., CLAES L., HAAS N.P., DUDA G.N., Musculo-skeletal
loading conditions at the hip during walking and stair
climbing, J. Biomech., 2001, 34 (7), 883-893, DOI: 10.1016/
s0021-9290(01)00039-2.

[22] HORSMAN K., DIRK M., Anatomical data set measured on
a male embalmed specimen. Version 1. 4TU, ResearchData.
dataset, 2010, DOI: 10.4121/uuid:6fcb97a5-b036-46d0-9331
-2ed62c80e8c7.

[23] HORSTMANN T., LISTRINGHAUS R., HAASE G.B., GRAU S.,
MÜNDERMANN A., Changes in gait patterns and muscle ac-
tivity following total hip arthroplasty: A six-month follow-up,
Clin. Biomech., 2013, 28 (7), 762–769, DOI: 10.1016/
j.clinbiomech.2013.07.001.

[24] JOHNSTON R.C., BRAND R.A., CROWNINSHIELD R.D., Recon-
struction of the hip. A mathematical approach to determine
optimum geometric relationships, J. Bone Joint Surg. Am.,
1979, 61 (5), 639–652.

[25] JONES C.A., VOAKLANDER D.C., JOHNSTON D.W.C., SUAREZ-
-ALMAZOR M.E., Health related quality of life outcomes after
total hip and knee arthroplasties in a community-based popu-
lation, J. Rheumatol., 2000, 27 (7), 1745–1752.

[26] KARAISMAILOGLU B., ERDOGAN F., KAYNAK G., High Hip
Center Reduces the Dynamic Hip Range of Motion and In-
creases the Hip Load: A Gait Analysis Study in Hip Arthro-
plasty Patients With Unilateral Developmental Dysplasia,
J. Arthroplasty., 2019, 34 (6), 1267–1272.e1, DOI: 10.1016/
j.arth.2019.02.017.

[27] LENAERTS G., BARTELS W., GELAUDE F., MULIER M.,
SPAEPEN A., VAN DER PERRE G., JONKERS I., Subject-specific
hip geometry and hip joint centre location affects calculated
contact forces at the hip during gait, J. Biomech., 2009, 42 (9),
1246–1251, DOI: 10.1016/j.jbiomech.2009.03.037.

[28] LENAERTS G., MULIER M., SPAEPEN A., VAN DER PERRE G.,
JONKERS I., Aberrant pelvis and hip kinematics impair
hip loading before and after total hip replacement, Gait



K. HATA et al.24

Posture., 2009, 30 (3), 296–302, DOI: 10.1016/j.gaitpost.
2009.05.016.

[29] LEWIS C.L., SAHRMANN S.A., MORAN D.W., Effect of hip angle
on anterior hip joint force during gait, Gait Posture, 2010,
32 (4), 603–607, DOI: 10.1016/j.gaitpost.2010.09.001.

[30] MIKI H., SUGANO N., HAGIO K., NISHII T., KAWAKAMI H.,
KAKIMOTO A., NAKAMURA N., YOSHIKAWA H., Recovery
of walking speed and symmetrical movement of the pelvis
and lower extremity joints after unilateral THA, J.
Biomech., 2004, 37 (4), 443–455, DOI: 10.1016/
j.jbiomech.2003.09.009.

[31] OHFUJI S., JINGUSHI S., KONDO K., SOFUE M., ITOMAN M.,
MATSUMOTO T., HAMADA Y., SHINDO H., TAKATORI Y.,
YAMADA H., YASUNAGA Y., ITO H., MORI S., OWAN I., FUJII G.,
OHASHI H., TAKAHASHI S., HIROTA Y., Factors associated
with diagnostic stage of hip osteoarthritis due to acetabular
dysplasia among Japanese female patients: a cross-sectional
study, BMC Musculoskelet Disord., 2016, 17, 320, DOI:
10.1186/s12891-016-1179-4.

[32] PASQUIER G., DUCHARNE G., SARI ALI E., GIRAUD F.,
MOUTTET A., DURANTE E., Total hip arthroplasty offset meas-
urement: Is CT scan the most accurate option?, Orthop. Trau-
matol. Surg. Res., 2010, 96 (4), 367–375, DOI: 10.1016/
j.otsr.2010.02.006.

[33] PETIS S., HOWARD J., LANTING B., JONES I., BIRMINGHAM T.,
VASARHELYI E., Comparing the anterior, posterior and lat-
eral approach: gait analysis in total hip arthroplasty, Can. J.
Surg., 2018, 61 (1), 50–57. DOI: 10.1503/cjs.003217.

[34] SKALSHØI O., IVERSEN C.H., NIELSEN D.B., JACOBSEN J.,
MECHLENBURG I., SØBALLE K., SØRENSEN H., Walking
patterns and hip contact forces in patients with hip dyspla-

sia, Gait Posture, 2015, 42 (4), 529–33, DOI: 10.1016/
j.gaitpost.2015.08.008.

[35] SKUBICH J., PISZCZATOWSKI S., Model of loadings acting on
the femoral bone during gait, J. Biomech., 2019, 87, 54–63,
DOI: 10.1016/j.jbiomech.2019.02.018.

[36] TANAKA R., SHIGEMATSU M., MOTOOKA T., MAWATARI M.,
HOTOKEBUCHI T., Factors influencing the improvement of
gait ability after total hip arthroplasty, J. Arthroplasty, 2010, 25
(6), 982–985, DOI: 10.1016/j.arth.2009.06.009.

[37] VISSERS M.M., BUSSMANN J.B., VERHAAR J.A.N., ARENDS L.R.,
FURLAN A.D., REIJMAN M., Recovery of physical functioning
after total hip arthroplasty: Systematic review and meta-
analysis of the literature, Phys. Ther., 2011, 91 (5), 615–629,
DOI: 10.2522/ptj.20100201.

[38] WU G., SIEGLER S., ALLARD P., KIRTLEY C., LEARDINI A.,
ROSENBAUM D., WHITTLE M., D'LIMA D.D., CRISTOFOLINI L.,
WITTE H., SCHMID O., STOKES I., ISB recommendation on
definitions of joint coordinate system of various joints for
the reporting of human joint motion – part I: ankle, hip, and
spine, J. Biomech., 2002, 35 (4), 543–548, DOI: 10.1016/
s0021-9290(01)00222-6.

[39] YOO J.I., CHA Y.H., KIM K.J., KIM H.Y., CHOY W.S.,
HWANG S.C., Gait analysis after total hip arthroplasty
using direct anterior approach versus anterolateral ap-
proach: a systematic review and meta-analysis, BMC
Musculoskelet. Disord., 2019, 20 (1), 63. DOI: 10.1186/
s12891-019-2450-2.

[40] YOSIBASH Z., WILLE H., RANK E., Stochastic description of the
peak hip contact force during walking free and going upstairs,
J. Biomech., 2015, 48 (6), 1015–1022, DOI: 10.1016/
j.jbiomech.2015.01.041.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


