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Featured Application: Surgeons performing total hip replacements should know that they have
a direct influence on leg alignment and knee adduction moments by implanting a new joint.

Abstract: The present study considered the entire leg alignment and links static parameters to
the external joint moments during gait in patients with hip osteoarthritis. Eighteen patients with
unilateral hip osteoarthritis were measured using the EOS® system. Clinical leg alignment and
femoral parameters were extracted from the 3D reconstruction of the EOS images. A 3D gait analysis
was performed and external knee and hip adduction moments were computed and compared to
18 healthy controls in the same age group. The knee adduction moments of the involved leg were
strongly correlated to the femoral offset and the varus/valgus alignment. These parameters alone
explained over 50% of the variance in the knee adduction moments. Adding the pelvic drop of the
contralateral side increased the model of femoral offset and varus/valgus alignment and explained
78% of the knee adduction moment during the first half of the stance phase. The hip adduction
moments were best associated with the hip kinematics and not the leg alignment.

Keywords: leg alignment; unilateral hip osteoarthritis; gait analysis; joint loading; external joint moments

1. Introduction

Hip osteoarthritis (OA) is a frequent musculoskeletal degenerative disease [1], initially causing
pain during movement, which then progresses on to also include pain at rest. While the mechanism of
the development of hip OA is not fully understood, some studies claim that anatomical deviations,
especially of the acetabulum and the geometric relation between the head and the shaft, may play a
role in the initiation and the course of hip OA [2,3]. In hip OA patients, Bendaya et al. [4] reported
changes in leg alignment with a significantly higher sacral slope and a higher femoral mechanical angle.
More studies have already reported on the causal relationship between leg alignment and knee OA.
A varus alignment of the knee seems to worsen OA in the medial compartment, whereas a valgus
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alignment contributes to the development of lateral knee OA [5,6]. Furthermore, a smaller femoral
offset (FO) and a larger neck–shaft angle (NSA) have been correlated to the incidence of OA in the
lateral knee compartment [7].

Measurements of clinical leg parameters from radiographic images can be affected by how
the leg is positioned, i.e., horizontal dimensional parameters, such as the femoral offset, are highly
influenced by the rotation of the femur [8]. These measurement errors can be minimized by using 3D
EOS® technology [9]. An important benefit of EOS is that images are captured with patients in an
upright standing position, unlike in conventional hip X-rays, where patients are supine. This upright
standing position allows for a more accurate recording of the patient’s functional weight-bearing
leg alignment [10]. Furthermore, EOS images provide information on the whole leg, not just a
pelvic overview, and the patient is exposed to a lower radiation dose than with a conventional
X-ray [11,12]. Hence, it is possible to extract clinical leg parameters that have not been previously
studied in relation to gait.

Hip OA patients usually adjust their gait pattern in order to reduce pain, which leads to altered
joint kinematics and kinetics [13–15]. It has been shown that hip OA patients show a significantly
lower knee adduction moment (KAM) on the involved side compared to healthy subjects [14] and
compared to their non-involved side [14,15]. It is suggested that a reduced KAM shifts the knee joint
load from the medial to the lateral compartment [14,16], which supports the finding that lateral knee
OA is often associated with hip OA [17]. Beyond the lower frontal knee moments, lower hip adduction
moments (HAMs) on the involved side were also shown in unilateral hip OA patients [14,18].

Joint kinematics have a direct influence on the joint load. This has not only been shown in various
simulation studies [19,20] but also in multiple studies in hip OA patients [14,21]. Patients walking
with less hip adduction showed a reduced HAM [21]. Regarding the KAM, it was found that patients
walking with a reduced knee flexion–extension and a greater foot progression angle (FPA) had a
smaller KAM [14]. Schmidt et al. [14] found that the knee range of motion (RoM) in the sagittal plane
and the FPA explained 39% of the KAM alterations of the involved limb during the second half of
the stance phase.

Another aspect that can directly influence the external joint moments during gait is leg
morphology. Leg alignment has previously been presented as a key factor in the load distribution
of the knee. Hurwitz et al. [22] pointed out that the mechanical axis (varus/valgus configuration,
calculated via the hip, knee, and ankle joints) is the best single predictor for alterations in the KAM.
The abovementioned results point toward an influence of leg alignment on the joint load distribution
of the knee and likely also of the hip. The question of whether leg alignment and femoral parameters
explain the pathological joint adduction moments in unilateral hip OA patients has not been
answered yet.

How clinical leg parameters (leg alignment and femoral parameters) impact the external knee and
hip adduction moments in patients with unilateral hip OA was the subject of this research. The goal
of this study was (1) to test whether there were differences in clinical leg parameters measured with
the EOS system between the involved and non-involved side of unilateral hip OA patients and a
healthy control group, (2) to confirm that patients with unilateral hip OA showed a deviating gait
pattern to healthy controls walking at a similar walking speed, (3) to test whether the clinical leg
parameters measured using the EOS system correlated with external joint moment alterations during
gait in unilateral hip OA patients, and finally, (4) to test whether the external joint moment alterations
were best associated to a combination of clinical leg parameters and gait kinematics.

2. Materials and Methods

This study was registered under the number DRKS00015053 with the German Clinical Trials
Register (DRKS).
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2.1. Patients

Eighteen patients (9 male, 9 female) with unilateral hip OA and planned for total hip replacement
(THR) entered the study (Table 1). The standard exclusion criteria for measuring preoperative hip
OA patients, published previously [14,23], were applied.

Table 1. Anthropometric data and walking speed.

Parameter Patients
(n = 17)

Healthy
Controls Gait

(n = 18)

p-Values
Patients vs.

Healthy
Controls Gait

Healthy Controls Leg
Alignment (n = 53)

p-Values
Patients vs.

Healthy Controls
Leg Alignment

Age (years) 60.5 (9.9) 60.4 (8.0) 0.963 41.8 (8.2) <0.001
Height (m) 1.72 (0.09) 1.73 (0.09) 0.684 1.69 (0.10) 0.302
Weight (kg) 83.3 (15.9) 72.0 (13.9) 0.032 74.3 (13.7) 0.028
BMI (kg/m2) 28.1 (4.9) 23.9 (3.2) 0.004 25.9 (3.5) 0.047
Speed (m/s) 1.06 (0.17) 0.97 (0.07) 0.054 - -

Gender (M/F) 9/8 11/7 0.625 26/27 0.780

Values are represented as mean value (standard deviation). Significant differences are highlighted in bold.
Abbreviations: BMI—body mass index.

Reference gait data were collected from 18 healthy subjects (11 male, 7 female) with a comparable
age distribution to the patients (Table 1) [14]. All participants gave written informed consent prior
to participation. The protocol was approved by the medical ethics committee of the Department of
Medicine of the Goethe University Frankfurt (reference number 497/15).

Since radiographic measurements of healthy controls are not permitted in our clinic, the clinical
leg parameters were compared to data of 53 asymptomatic healthy adults, collected as part of a large
study in Lebanon [24].

2.2. Radiographic Measurements

Preoperatively, biplane radiographic images were captured in a standing position with the EOS®

system (EOS imaging, SA, Paris, France) for all patients [11,12]. An accurate 3D model of the lower
extremities was reconstructed for each patient from the lateral and anterior images, as described
and validated in previous studies [25]. The 3D model was made using sterEOS® (EOS imaging, SA,
Paris, France) and was then used for planning the prosthesis (hipEOS®, EOS imaging, SA, Paris, France).
From the 3D reconstruction, five clinical leg parameters, which were described in detail elsewhere [25,26],
were considered to assess the leg alignment (Figure 1).

• Hip–knee–shaft angle (HKS): This was measured on the frontal plane, considering the femoral
mechanical axis (which connects the centers of the femoral head and the trochlea) and the femoral
anatomical axis (axis from the center of the trochlea to the center of the distal diaphysis of
the femur).

• Femoral offset (FO): The distance defined by the center of the femoral head and the orthogonal
projection of this point on the femoral anatomical axis.

• Neck–shaft angle (NSA): The angle measured between the axis going from the center of the femoral
head through the femoral neck and the line drawn down the center of the femur’s diaphysis.

• Hip–knee angle (HKA): The angle in the frontal femoral plane between the mechanical axes of the
femur and the tibia (the line from the center of the tibial plateau to the center of the distal articular
surface of the tibia). Valgus > 180◦, varus < 180◦.

• Femoral mechanical angle (FMA): The angle that is defined in the frontal plane between the
femoral mechanical axis and the line through the medial and lateral condyles (the two most
distal points).



Appl. Sci. 2020, 10, 7777 4 of 14

Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 15 

 

Figure 1. Clinical leg parameters overlaid on the frontal EOS image. 

2.3. Gait Analysis 

Patients walked barefoot at a self-selected speed in the gait laboratory. Kinematic data (8 MX 

T10 cameras, VICON Motion Systems, Oxford, U.K.) were collected synchronously to kinetic data 

Figure 1. Clinical leg parameters overlaid on the frontal EOS image.



Appl. Sci. 2020, 10, 7777 5 of 14

2.3. Gait Analysis

Patients walked barefoot at a self-selected speed in the gait laboratory. Kinematic data (8 MX T10 cameras,
VICON Motion Systems, Oxford, UK) were collected synchronously to kinetic data (two OR-6-7-2000
force plates, Advanced Mechanical Technology, Inc., Watertown, MA, USA). Markers were placed
on anatomical landmarks according to a modified version of the Plug-in-Gait model to improve the
reliability and accuracy of the gait data in the frontal plane [27]. Of all the obtained trials, those in
which one foot was completely on the force plate and no markers were missing were classified as good.
Five good trials for each subject were selected for further processing. Control subjects walked at their
own speed and at a slow walking speed (≈1.0 m/s) which was similar to patients’ walking speed
shortly before surgery [14]. Since no significant differences were detected between the left and right
sides in the control subjects, the left side was chosen for further analysis and for comparison with the
involved and non-involved sides of the patient group.

Kinematic and kinetic gait variables were calculated using the inverse dynamics equations [28] in
Vicon Nexus (version 2.5, VICON Motion Systems, Oxford, UK). In these equations, the hip joint center
was obtained according to a geometrical prediction method [28] and the external joint moments are
calculated from the force plate data and the mathematically derived joint centers. Kinematic and kinetic
data were exported to Matlab (version R2018b, The Mathworks Inc., Natick, MA, USA) to normalize
the data over the gait cycle. The peak external knee and hip adduction moment during the first (KAM1
and HAM1) and second (KAM2 and HAM2) half of the stance phase were computed for each trial
(normalized to body weight and expressed in newton meters per kilogram) and averaged over the trials.
As has been published previously [26], kinematic parameters during the stance phase of gait were also
extracted (a) for the hip: the maximum adduction angle in the frontal plane, the maximum flexion and
extension angle, and the hip RoM in the sagittal plane; (b) for the knee: the maximum flexion and
extension angle, as well as the RoM in the sagittal plane (the difference between the maximum flexion
in the first half and the maximum extension during the second half of the stance phase); (c) for the
trunk: maximum sideward displacement (LTD—lateral displacement of the trunk relative to the
supporting limb); (d) for the foot: mean progression angle in the transverse plane (FPA—the angle of
the long axis of the foot segment relative to the direction of walking). Furthermore, the pelvic drop
of the contralateral leg during the swing phase was determined. The gait speed was defined as the
average value over the included trials.

2.4. Statistical Analysis

Statistical analyses were performed using SPSS Statistics (IBM SPSS Statistics for Windows,
version 26, IBM Corp., Armonk, NY, USA). Anthropometrics were normally distributed, as confirmed
by Shapiro–Wilk tests; therefore, differences in anthropometrics between patients and healthy controls
were investigated with independent sample Students’ t-tests. The comparison of the gender distribution
over the two groups was studied using a chi-squared test.

The clinical leg alignment parameters of the patients were normally distributed; however, the FO,
FMA, and HKS of the healthy controls were not normally distributed, and as such, Wilcoxon signed
ranks test (involved vs. non-involved leg) and Mann–Whitney tests (involved/non-involved leg vs.
healthy controls) were used to test for differences.

All kinetic and kinematic gait parameters, except the FPA of the involved side, were normally distributed;
therefore, paired sample Students’ t-tests were used to test for differences between the involved and
non-involved sides for all parameters, except for the FPA, which was analyzed using Wilcoxon
signed-rank tests. The involved/non-involved legs were tested against the healthy controls using
Mann–Whitney tests for the FPA and using independent sample Students’ t-tests for all other parameters.

For the involved and non-involved legs, Pearson’s correlation coefficients were calculated between
the external knee and hip moments in the frontal plane (adduction moments) and the calculated leg
parameters/gait kinematics, as well as among the clinical leg parameters themselves. Multiple regression
analysis was performed afterward with the parameters, which correlated significantly with the external
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joint adduction moments. Leg alignment parameters that showed too strong of a correlation (R > 0.7)
between each other were excluded from the stepwise regression.

The effect size Cohen’s d [29] was calculated (G*Power, version 3.1.9.2, Faul et al., University Kiel,
Germany) [30] and p-values ≤ 0.05 were considered significant for all analyses.

3. Results

The data of 17 patients were included in the analysis as one patient had trouble walking without
walking aids and walked at half the speed of the other patients. The subject characteristics and gait
speed of all participants are displayed in Table 1. The patients had a significantly higher body mass
and body mass index (BMI) in comparison to the healthy controls. The individuals of the healthy
control group regarding the leg alignment were significantly younger and had a lower body mass
and BMI than the patients. All patients had hip osteoarthritis of at least 2 on the Kellgren–Lawrence
scale [31] and all patients expressed pain.

As shown in Table 2, no differences could be found between the involved and non-involved sides
for all clinical leg alignment parameters. Only the FMA was significantly larger in the healthy control
group compared to the patients’ involved side (p = 0.046).

Table 2. Clinical leg parameters for the involved and non-involved sides, as well as for healthy controls.

Parameter Involved Side Non-Involved Side Healthy Controls
Leg Alignment

p-Values
Involved vs.

Non-Involved

p-Values
Involved vs.

HealthyControls

p-Values
Non-Involvedvs.
HealthyControls

HKS (◦) 4.67
(3.99–5.95)

4.75
(4.03–5.69)

4.63
(4.01–5.17) 0.943 0.326 0.505

FO (mm) 41.24
(34.70–46.94)

41.26
(37.37–48.18)

39.97
(35.42–43.01) 0.407 0.272 0.095

NSA (◦) 127.12
(119.98–132.49)

125.66
(122.24–130.40)

127.83
(124.97–130.54) 0.906 0.660 0.162

HKA (◦) 178.30
(177.18–181.55)

178.60
(175.99–181.59)

178.92
(177.22–181.12) 0.435 0.815 0.613

FMA (◦) 91.49
(91.13–92.80)

92.18
(90.17–93.58)

92.66
(91.54–94.12) 0.356 0.046 0.218

Values are represented as median values with the 25th and 75th percentiles. The significant difference is highlighted
in bold. Abbreviations: HKS—hip–knee–shaft angle; FO—femoral offset; NSA—neck–shaft angle; HKA—hip–knee angle;
FMA—femoral mechanical angle.

For KAM1, no significant differences between the involved side/non-involved side and healthy
control data could be observed. KAM2 of the involved side was significantly smaller compared to
the non-involved side (0.30 vs. 0.40 Nm/kg, p = 0.011, d = 0.68) and compared to the healthy controls
(0.30 vs. 0.45 Nm/kg, p = 0.004, d = 1.07), as can be seen in Table 3. For the hip, only differences between
the non-involved side and healthy controls were found: HAM1 (0.99 vs. 0.80 Nm/kg, p = 0.014, d = 0.90)
and HAM2 (0.94 vs. 0.75 Nm/kg, p = 0.017, d = 0.95) of the non-involved leg were significantly higher.

For the kinematics, significant differences were found between the involved and non-involved
legs for the maximum knee flexion, maximum knee extension, knee RoM, LTD, maximum hip flexion,
maximum hip extension, and hip RoM (Table 3). Differences in the maximum knee extension, knee RoM,
LTD, hip extension, hip RoM, and the pelvic drop in the swing phase were found between the involved
leg and the healthy control group (Table 3). The comparison between the non-involved leg and the
healthy controls only showed significant differences in the knee RoM, hip flexion, and hip RoM.

For the involved side, significant correlations between leg alignment parameters were found
(Table 4). A very strong (inverse) correlation was detected between the FO and the NSA (R = −0.895,
p < 0.001), where a larger FO resulted in a narrower NSA. The HKA showed a positive correlation with
both the NSA and the FMA, meaning that when the HKA appeared to be larger (more valgus alignment),
the NSA and the FMA were larger as well, and vice versa. Furthermore, the HKA showed an inverse
correlation to the FO, which means that with a smaller HKA (more varus alignment), the FO was larger,
and vice versa. For the non-involved side, similar correlations were found for the involved side (Table 5).
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Table 3. Kinetics and kinematics during the stance phase of gait for both the involved and non-involved
sides and for healthy controls.

Parameter Involved
Side

Non-Involved
Side

Healthy
Controls

Gait

p-Values
Involved
vs. Non-
Involved

p-Values
Involved

vs. Healthy
Controls

p-Values
Non-Involved

vs. Healthy
Controls

Kinetics

KAM1 (Nm/kg) 0.41 (0.17) 0.45 (0.14) 0.46 (0.15) 0.313 0.361 0.908
KAM2 (Nm/kg) 0.30 (0.14) 0.40 (0.12) 0.45 (0.14) 0.011 0.004 0.329
HAM1 (Nm/kg) 0.93 (0.22) 0.99 (0.26) 0.80 (0.16) 0.286 0.051 0.014
HAM2 (Nm/kg) 0.85 (0.22) 0.94 (0.26) 0.75 (0.14) 0.079 0.137 0.017

Kinematics

FPA (◦) −7.7
(−11.2 to −4.2)

−7.7
(−10.8 to −4.4)

−7.2
(−9.9 to −3.4) 0.586 0.757 0.807

Knee_Flex (◦) 16.1 (5.6) 20.8 (6.6) 16.2 (3.4) 0.005 0.909 0.017
Knee_Ext (◦) 9.0 (6.6) 3.8 (5.2) 3.9 (3.4) <0.001 0.008 0.954

Knee_RoM (◦) 7.0 (4.5) 17.0 (5.3) 12.4 (4.3) <0.001 <0.001 0.007
LTD (◦) −3.7 (2.4) −1.3 (2.8) −1.1 (2.1) 0.050 0.002 0.806

Hip_Add1 (◦) 7.7 (4.5) 6.0 (5.8) 5.7 (4.9) 0.297 0.224 0.873
Hip_Add2 (◦) 6.2 (4.3) 5.2 (4.6) 3.8 (4.5) 0.469 0.106 0.346
Hip_Flex (◦) 28.6 (8.7) 36.5 (10.6) 30.1 (5.2) <0.001 0.533 0.036
Hip_Ext (◦) 2.0 (13.2) −11.2 (9.5) −9.2 (7.0) <0.001 0.005 0.485

Hip_RoM (◦) 26.6 (8.1) 47.7 (6.8) 39.3 (3.7) <0.001 <0.001 <0.001
Pelvic_Drop (◦) −1.1 (2.7) −2.6 (2.3) −3.8 (1.7) 0.212 0.002 0.074

Values are represented as mean value (standard deviation), except for FPA, where the median and the 25th
and 75th percentiles are displayed. Significant differences are highlighted in bold. Abbreviations: maximum
external adduction moment for the knee and hip in the first half of the stance phase (KAM1, HAM1) and the
second half of the stance phase (KAM2, HAM2); FPA—mean foot progression angle (external rotation as negative);
Knee_Flex—maximum knee flexion (flexion as positive); Knee_Ext—maximum knee extension (extension as
negative); Knee_RoM—knee range of motion in the sagittal plane; LTD—maximum lateral trunk displacement
in the frontal plane (toward the stance limb as negative); maximum hip adduction during first (Hip_Add1) and
second (Hip_Add2) halves of the stance phase (adduction as positive); Hip_Flex—maximum hip flexion (flexion
as positive); Hip_Ext—maximum hip extension (extension as negative); Hip_RoM—hip range of motion in the
sagittal plane; Pelvic_Drop—minimal pelvic obliquity in the frontal plane (swing phase of the contralateral leg and
increased pelvic drop as negative).

Table 4. Correlations between the joint adduction moments, joint kinematics, and the clinical leg
parameters for the involved leg.

KAM1 KAM2 HAM1 HAM2 FO HKA HKS NSA FMA

FO 0.686 ** 0.706 ** 0.270 0.253 1.000 −0.512 * 0.457 −0.895 *** −0.345
HKA −0.676 ** −0.480 −0.376 −0.070 −0.512 * 1.000 −0.384 0.532 * 0.594 *
HKS 0.407 0.345 0.201 0.157 0.457 −0.384 1.000 −0.386 −0.780 ***
NSA −0.626 ** −0.535 * −0.205 −0.198 −0.895 *** 0.532 * −0.386 1.000 0.285
FMA −0.477 −0.353 −0.445 −0.227 −0.345 0.594 * −0.780 *** 0.285 1.000
FPA −0.273 −0.085 −0.205 −0.090 −0.077 0.424 0.347 0.191 −0.029

Knee_Flex −0.019 0.047 −0.354 −0.407 0.001 −0.265 0.250 0.016 −0.182
Knee_Ext −0.081 −0.043 −0.396 −0.558 * 0.073 −0.301 0.164 −0.093 −0.164

Knee_RoM 0.095 0.121 0.137 0.307 −0.104 0.110 0.072 0.156 0.013
LTD 0.264 0.243 −0.007 −0.219 0.200 −0.335 0.131 0.049 −0.248

Hip_Add1 0.060 0.044 0.761 *** 0.687 ** −0.095 −0.072 0.050 0.112 −0.087
Hip_Add2 0.163 0.180 0.759 *** 0.732 *** 0.051 −0.095 0.085 −0.056 −0.085
Hip_Flex 0.105 0.106 −0.355 −0.446 0.251 −0.601 * 0.178 −0.329 −0.266
Hip_Ext 0.175 0.139 −0.287 −0.408 0.424 −0.492 * 0.166 −0.493 * −0.242

Hip_RoM −0.172 −0.113 0.086 0.186 −0.421 0.156 −0.080 0.451 0.109
Pelvic_Drop −0.621 ** −0.461 −0.552 * −0.425 −0.164 0.406 −0.095 0.181 0.062

Significant correlations are highlighted in bold: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Abbreviations: maximum
external adduction moment for knee and hip in the first half of the stance phase (KAM1, HAM1) and the second
half of the stance phase (KAM2, HAM2); FO—femoral offset; HKA—hip–knee angle; HKS—hip–knee–shaft angle;
NSA—neck–shaft angle; FPA—mean foot progression angle (external rotation as negative); Knee_Flex—maximum
knee flexion (flexion as positive); Knee_Ext—maximum knee extension (extension as negative); Knee_RoM—knee
range of motion in the sagittal plane; LTD—maximum lateral trunk displacement in the frontal plane (toward the
stance limb as negative); maximum hip adduction during first (Hip_Add1) and second (Hip_Add2) halves of the
stance phase (adduction as positive); Hip_Flex—maximum hip flexion (flexion as positive); Hip_Ext—maximum
hip extension (extension as negative); Hip_RoM—hip range of motion in the sagittal plane; Pelvic_Drop—minimal
pelvic obliquity in the frontal plane (swing phase of the contralateral leg and increased pelvic drop as negative).
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Table 5. Correlations between the joint adduction moments, joint kinematics, and the clinical leg
parameters for the non-involved leg.

KAM1 KAM2 HAM1 HAM2 FO HKA HKS NSA FMA

FO 0.180 0.214 0.015 0.178 1.000 −0.733 *** 0.397 −0.874 *** −0.340
HKA −0.313 −0.323 0.303 0.276 −0.733 *** 1.000 −0.315 0.833 *** 0.435
HKS 0.542 * 0.433 0.182 0.064 0.397 −0.315 1.000 −0.388 −0.758 ***
NSA −0.280 −0.282 0.120 0.004 −0.874 *** 0.833 *** −0.388 1.000 0.394
FMA −0.775 *** −0.518 * −0.109 0.059 −0.340 0.435 −0.758 *** 0.394 1.000
FPA 0.278 −0.027 0.375 0.238 −0.228 0.453 0.282 0.304 −0.222

Knee_Flex 0.177 0.051 −0.061 −0.149 0.253 −0.167 0.322 −0.384 −0.134
Knee_Ext 0.083 −0.290 −0.305 −0.207 0.332 −0.269 0.182 −0.378 −0.270

Knee_RoM 0.139 0.348 0.222 0.018 −0.011 0.056 0.222 −0.107 0.098
LTD 0.262 0.133 0.056 −0.117 −0.298 0.084 0.070 0.212 −0.392

Hip_Add1 −0.139 −0.165 0.779 *** 0.686 ** −0.321 0.677 ** 0.070 0.556 * 0.091
Hip_Add2 −0.083 −0.128 0.790 *** 0.784 *** −0.199 0.641 ** 0.144 0.448 −0.010
Hip_Flex 0.299 0.149 −0.385 −0.392 0.676 ** −0.880 *** 0.371 −0.826 *** −0.481 *
Hip_Ext 0.190 0.022 −0.360 −0.367 0.432 −0.687 ** 0.173 −0.458 −0.415

Hip_RoM 0.203 0.203 −0.100 −0.101 0.457 −0.419 0.341 −0.655 ** −0.174
Pelvic_Drop −0.181 −0.093 −0.175 0.031 0.452 −0.432 −0.136 −0.632 ** 0.111

Significant correlations are highlighted in bold: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Abbreviations: maximum
external adduction moment for knee and hip in the first half of the stance phase (KAM1, HAM1) and the second
half of the stance phase (KAM2, HAM2); FO—femoral offset; HKA—hip−knee angle; HKS—hip−knee−shaft angle;
NSA—neck−shaft angle; FPA—mean foot progression angle (external rotation as negative); Knee_Flex—maximum
knee flexion (flexion as positive); Knee_Ext—maximum knee extension (extension as negative); Knee_RoM—knee
range of motion in the sagittal plane; LTD—maximum lateral trunk displacement in the frontal plane (toward the
stance limb as negative); maximum hip adduction during first (Hip_Add1) and second (Hip_Add2) halves of the
stance phase (adduction as positive); Hip_Flex—maximum hip flexion (flexion as positive); Hip_Ext—maximum
hip extension (extension as negative); Hip_RoM—hip range of motion in the sagittal plane; Pelvic_Drop—minimal
pelvic obliquity in the frontal plane (swing phase of the contralateral leg and increased pelvic drop as negative).

The correlations between the clinical leg parameters, the kinematics, and the external joint
adduction moments for the involved and non-involved legs are also shown in Tables 4 and 5. For the
involved side, the parameters FO, HKA, and NSA showed a significant correlation with KAM1,
whereas only the FO and the NSA showed a correlation with KAM2. The FMA and the HKA showed
a trend toward a significant correlation with KAM1 and KAM2, respectively (p < 0.053). For the
non-involved leg, the HKS and the FMA showed significant correlations with KAM1. The FMA also
showed a significant correlation with KAM2 of the non-involved leg. The HKS and the FO showed a
positive correlation to the KAM, which means that with a larger FO and a larger HKS angle, the knee
adduction moment was higher. The NSA, the HKA, and the FMA showed a negative correlation
such that with a smaller NSA, HKA (more varus), and FMA, the knee adduction moment increased,
and vice versa. No correlations between the clinical leg parameters and the HAM were found for the
involved or for the non-involved side.

Furthermore, moderate-to-strong correlations between the hip adduction moments and the
maximum hip adduction angles were found for both the involved and non-involved legs (R values
between 0.686 and 0.790). For the involved leg, moderate correlations were found between KAM1 and
HAM1 and the pelvic drop of the contralateral leg, as well as between the knee extension and HAM2.
For the non-involved leg, no other correlations were found between the kinematics and the kinetics;
however, more significant correlations were found between the kinematic gait parameters and the leg
alignment parameters (Table 5).

For the involved leg, a multiple regression analysis revealed that the FO explained 47% of KAM1
(R2 = 0.471; F = 13.370; p = 0.002; Table 6). Including the HKA significantly improved the model to 61%
(∆R2 = 0.143, ∆F = 5.194, p = 0.039), whereas the NSA was excluded due to a strong correlation with
the FO. Adding the pelvic drop of the contralateral side improved the model of the FO and the HKA
even more and explained 78% of KAM1 (∆R2 = 0.162, ∆F = 9.368, p = 0.009; Table 6).
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Table 6. Coefficients of determination (R2 values (%)) for the external joint moments of the involved side
as a function of the single correlating leg alignment or kinematic gait analysis parameters and coefficients
of determination (Rm2 values (%)) fitted as a function of all the significantly contributing parameters.

Parameter First Coefficient of
Determination

Second Coefficient
of Determination

Third Coefficient of
Determination

Multiple
Regression

KAM1 FO *
R2 = 47.1

HKA *
R2 = 45.7

Pelvic_Drop *
R2 = 38.6 Rm2 = 77.6

KAM2 FO *
R2 = 49.91

HAM1 Hip_Add1 *
R2 = 57.9

Pelvic_Drop
R2 = 30.5

HAM2 Hip_Add2 *
R2 = 53.6

Knee_Ext
R2 = 31.1

* Statistically significant (p ≤ 0.05) contribution that caused Rm2 to change due to the inclusion of the new predictor.
Abbreviations: maximum external adduction moment for the knee and hip in the first half of the stance phase
(KAM1, HAM1) and the second half of the stance phase (KAM2, HAM2); femoral offset (FO); hip−knee angle (HKA);
minimal pelvic obliquity in the frontal plane during the swing phase of the contralateral leg (Pelvic_Drop);
maximum hip adduction during the first (Hip_Add1) and second (Hip_Add2) halves of the stance phase; maximum
knee extension (Knee_Ext).

The FO explained 50% of KAM2 (R2 = 0.499, F = 14.927, p = 0.002). No other parameters were
included as the NSA was again excluded due to a too strong correlation with the FO.

The hip joint moments HAM1 and HAM2 were explained by the maximum hip adduction in the
corresponding phases of the stance phase (HAM1: 58%, R2 = 0.579, F = 20.592, p < 0.001; HAM2: 54%,
R2 = 0.536, F = 17.359, p = 0.001; Table 6). The pelvic drop on the contralateral side did not increase the
model for HAM1 any further (p = 0.498), whereas the knee extension did not increase the model for
HAM2 (p = 0.069).

For the non-involved leg, multiple regression analyses could not be performed because for KAM1,
the HKS (the second parameter with a significant correlation) showed too strong of a correlation with
the FMA (the parameter with the strongest significant correlation).

4. Discussion

In the present study, the aim was to determine whether clinical leg parameters (leg alignment and
femoral parameters) were different in patients with unilateral hip OA and could be correlated to the
altered hip and knee adduction moments. These results could help to better understand the initiation
and progression of hip OA and the initiation of knee OA in hip OA patients.

In the last decade, the EOS system has been proven to be a reliable system for the determination of lower
limb length and angle measurements [25], with lower radiation exposure in a weight-bearing position.
In the present study, except for FMA, no differences were found in leg parameters between the
involved and non-involved legs of hip OA patients and healthy controls. As in the present study,
Bendaya et al. [4] found significant differences in the FMA and other pelvic parameters in OA patients;
however, they could not conclude whether these differences were degenerative over time or were
inherent differences between the individuals, or whether they contributed to the progression of OA.
The orientation of the axis of the femur (FMA) might become important when planning a knee
replacement. Although the risk for contralateral knee OA is higher in patients with a unilateral hip
replacement for end-stage OA, the ipsilateral knee is not spared [32,33]. Than et al. [34] found a
reduced NSA in their hip OA patients compared to the healthy controls and suggested that it might be
due to the younger age of the healthy controls, as the NSA decreased over time. However, our patients
showed a similar NSA to the healthy controls and to the controls of the study of Than, despite the
significant age differences. Another study found similar values for the femoral offset and the HKA,
but a significantly higher NSA in hip OA patients [35]. However, these patients were measured with
standard radiography, whereas the present study used EOS images.

The present study confirmed that patients with unilateral hip OA showed a deviating gait
pattern compared to healthy controls walking at a similar walking speed. Regarding joint loading,
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only KAM2 of the involved side was found to be significantly smaller compared to healthy controls
(approximately 33%) and the non-involved side (25%), as was found by Shakoor et al [36]. A significantly
lower KAM2 indicates a medial-to-lateral shift in the knee load [14,16] and might lead to increased
degenerative cartilage wear. The load in the non-involved hip joint was slightly higher compared to the
involved hip joint, as was found in preoperative hip OA patients [13,14]. Although these differences
were not significant, they might be due to a learned gait pattern to reduce the load on the OA side.
The significant differences compared to the healthy control group confirmed the extra load on the
non-involved side.

The question of whether leg alignment and femoral parameters explain the pathological joint
adduction moments in unilateral hip OA patients has not been answered before. The clinical leg
parameters FO, HKA, NSA, and FMA showed a significant correlation (or a trend toward significance)
with the knee adduction moments. The positive correlation between the KAM and the FO means that a
larger FO implicated a larger KAM, and vice versa. The negative correlation of the KAM with the NSA,
the HKA, and the FMA means that a varus leg (a smaller HKA) led to higher knee adduction moments.
A larger NSA, and therefore a more valgus leg, was associated with a decreased KAM. Indeed,
varus malalignment has been known to be a predictor for the peak knee adduction moments in patients
with knee OA [22], and leg malalignment is thought to be one of the main risk factors contributing to
the progression of knee OA [5]. Weidow et al. [17] showed that the hip and pelvic anatomy had an
influence on the occurrence of medial and lateral knee OA. A decreased NSA, which leads to a more
varus leg, was associated with medial knee OA. These results were supported by the present results,
as a smaller NSA increased the knee adduction moments during gait. The clinical leg parameters
explained 61% of the variance in KAM1 and 50% of the variance of KAM2. For the hip adduction
moments, no correlations were found with the clinical leg parameters. In the previous literature,
the effect of the FO on gait was discussed. A lower FO led to an asymmetrical gait pattern with a
reduction in the knee RoM [37]. Rüdiger et al. [38] showed that with a smaller FO, the abductor muscle
force must increase to preserve a normal gait pattern. These results agree with Mahmood et al. [37],
who reported that a reduction in the offset was related to a reduction in the abductor muscle strength
(moment-generating capacity) of the operated hip. As was found in clinical studies [39,40], the gait
pattern is more influenced by a decrease than by an increase in the FO. The effect of the NSA on the hip
moments has recently been shown in patients after a THR [41].

In this research, we also studied whether the clinical leg parameters in combination with the
gait kinematics were better associated with the pathological hip and knee adduction moments.
Till now, only the gait kinematics have been related to the pathological adduction moments in
unilateral hip OA patients: Schmidt et al. [14] found a significantly more outward rotation of the foot in
their patients, where the FPA, together with the knee RoM, explained 39% of the KAM2 alterations.
In the present study, no correlation between KAM2 and the FPA was found. The severity of OA might
explain the lack of correlation between KAM2 and the FPA. Rutherford et al. [42] found that only
for asymptomatic and mild-to-moderate knee OA patients, the FPA was associated with alterations
in the knee adduction moments. In the present study, all patients were symptomatic and severely
affected. In the present study, a significant reduced knee RoM during gait was found in the involved
limb compared to the non-involved limb and healthy controls. It might be that hip OA patients stiffen
the knee on the involved side and flex the knee more on the non-involved side to compensate for leg
length differences [14,43]; however, an accurate determination of leg length difference was not part of
this study and thus this hypothesis cannot be confirmed.

The gait kinematics showed only a few correlations to the joint adduction moments: the peak
hip adduction corresponded strongly to the HAM in the corresponding part of the stance phase and
explained 58% and 54% of HAM1 and HAM2, respectively. These correlations were shown previously
by Wesseling et al. [20], who showed in a simulation study that increased hip adduction increases
the hip adduction moments, as well as the hip contact forces. An increased contralateral pelvic drop
had a negative impact (it leads to increased adduction moments) on both KAM1 [44] and HAM1 [45].
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The contralateral pelvic drop increased the model for KAM1, and in combination with the FO and
the HKA, it explained 78% of the KAM1 alteration. Although a significant correlation was found
between the contralateral drop and the external knee joint moments, no differences were found between
the patients and healthy controls. Our patients showed a gait pattern with an increased ipsilateral
trunk lean that was associated with a reduced pelvic drop. A gait compensation pattern of a stable or
elevated pelvis, in combination with an increased trunk lean toward the involved side, was shown
by Thurston [46] in individuals with hip OA and by Westhoff et al. [47] in children with Legg Calvé
Perthes disease as a compensating strategy to reduce the hip load. However, an increased contralateral
trunk lean associated with an increased pelvic drop was also shown in individuals with hip OA [46,48];
hence, the presence of these different combined movements may have confounded the correlation
between the single movements and the external hip joint moments. Furthermore, Linley et al. [49]
found that only a thorough biomechanical analysis using a principal component analysis could reveal
differences in the trunk and pelvic leans.

This study represents the first step in a detailed analysis of the influence of leg alignment on joint
adduction moments in unilateral hip OA patients. Nevertheless, our results should be read in light of
some limitations. The small sample size used might have restricted the ability to detect significant
differences between our groups. Due to the low number of cases, we were not able to take gender
into account in our study, as was done by Than et al. [34], who found differences between the sexes
in terms of leg alignment. Furthermore, Foucher et al. [50] and Allison et al. [48] were able to report
higher hip adduction moments in women compared to men with hip OA. The hip and knee adduction
moments are still the gold standards for assessing the load in the frontal plane; however, the joint
contact force, calculated using musculoskeletal modeling, is likely a better indicator of joint load
compared to joint moments. In the present study, only the effects morphology and kinematics have on
joint adduction moments in hip OA patients are discussed. A joint load expressed by joint moments
can also be influenced by the abductor muscle force [50] and leg length differences [51] (due to the
destructive effect of OA on the hip joint); however, including leg length and abductor function were
beyond the scope of the present study. The descriptive models are only valid for the included cohort
of patients. In recognizing our limitations to conclusively discuss causality, we recommend that future
longitudinal studies be designed to test the development of the leg alignment in patients with hip OA
and its effects on hip and knee adduction moments.

5. Conclusions

No differences in the clinical leg parameters between the involved and non-involved legs of hip
OA patients could be detected using the EOS system. This could suggest that in our study collective,
the leg alignment per se was not the crucial factor for the development of hip OA or that the progression
of hip OA did not depend on leg alignment. The last was supported by the present results, as no
correlations between the hip adduction moments and leg alignment were found. The present study
confirmed that patients with unilateral hip OA walked with a deviating gait pattern and showed
lower adduction moments at the involved knee and higher adduction moments at the non-involved
hip joint. The current results also confirmed that the varus alignment of the knee (HKA), as well
as the femoral parameters (especially the FO), had an influence on the knee adduction moments in
unilateral hip OA patients. These two clinical leg parameters explained 61% of the variance in KAM1,
and the FO alone explained 50% of the variance of KAM2. A combination of static alignment and gait
kinematics explained the knee adduction moments during gait even better in unilateral hip OA patients:
adding the pelvic drop of the contralateral side increased the model with the FO and the HKA and
explained 78% of KAM1. The hip adduction moments were best explained by the hip kinematics and
not by the leg alignment.
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