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A B S T R A C T

Introduction: Maintaining balance during gait allows subjects to minimize energy expenditure
and avoid falls. Gait balance can be measured by assessing the relationship between the center of
mass (COM) and center of pressure (COP) during gait. Demographics, skeletal and postural
parameters are known to influence gait balance.
Purpose: What are the determinants of dynamic balance during gait in asymptomatic adults
among skeletal and demographic parameters?
Methods: 115 adults underwent 3D gait analysis and full-body biplanar X-rays. Angles between
the COM-COP line and the vertical were calculated in frontal and sagittal planes during gait:
maxima, minima, and ROM were evaluated. Full-body 3D reconstructions were obtained; skeletal
and postural parameters of the spine (lumbar lordosis, thoracic kyphosis, sagittal vertical axis
SVA), pelvis (pelvic tilt and incidence, acetabular orientation in the 3 planes) and lower limbs
(neck shaft angle femoral and tibial torsions) were calculated. A univariate followed by a mul-
tivariate analysis were computed between the COM-COP parameters and skeletal and demo-
graphic parameters.
Results: The univariate analysis showed that in the frontal plane, maximum (4.6°) of the COM-
COP angle was significantly correlated with weight (r= 0.53), age (r = 0.28), height (r= 0.35),
SVA (r = 0.23), T1T12 (r = 0.24) and pelvic width (r = 0.25).In the sagittal plane, maximum
COM-COP (19.7 ± 2.8°) angle was significantly correlated to acetabular tilt (r = 0.25) and
acetabular anteversion (r= 0.21). The multivariate analysis showed that, in the frontal plane, an
increase in the maximum of the COM-COP angle was determined by a decreasing height
(β = −0.28), an increasing weight (β = 0.48), being a male (β = −0.42), and an increasing
posterior acetabular coverage (β = 0.22). In the sagittal plane, an increasing maximum COM-
COP angle was determined by a decreasing height (β = −0.38) and an increasing SVA
(β = 0.19).
Conclusion: Frontal imbalance appeared to be mainly correlated to demographic parameters.
Sagittal imbalance was found to be correlated with weight, height, acetabular parameters and
SVA. These results suggest that in addition to demographic parameters, acetabular parameters
and SVA are important determinants of balance during gait.
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1. Introduction

Balance maintenance depends on multiple systems such as the vestibular, proprioceptive, visual and musculoskeletal systems
(Maurer, Mergner, & Peterka, 2006). The concept of the conus of economy presents the variability in standing posture which allows
the maintenance of static equilibrium while minimizing energy expenditure and fatigue on the muscles of the back and the lower
limbs. An unstable standing posture can lead to subsequent pain and disability (Jean Dubousset, 1994). In dynamic, balance consists
in minimizing energy expenditure and avoiding fall during walking (Winter, 1995).

Several techniques for evaluating balance during gait have already been proposed. This has been evaluated either by determining
local and orbital dynamic stability (Dingwell, 2006) by using tri-axial accelerometry (Auvinet et al., 2002) or by studying the center
of mass/center of pressure COM-COP relationship (Lee & Chou, 2006). The center of mass (COM) is defined as the barycenter of the
subject, while the center of pressure (COP) is the application point of the ground reaction force captured by forceplates during gait.
The angle between the COM-COP and the vertical can be evaluated in both frontal and sagittal planes, and its increase is correlated
with increased instability. During the gait cycle, the sagittal COM-COP angle presents large variability in contrast with the frontal
COM-COP, whose variations are limited (Lee & Chou, 2006). The variation of these two angles during gait has been shown to reflect
dynamic gait balance (Lee & Chou, 2006; Paul et al., 2014).

While demographic parameters (age, sex, weight and height) are known to affect gait (Gao et al., 2019; Hamacher et al., 2019),
their relationship with gait stability is still unelucidated. Moreover, previous studies have determined that skeletal and postural
alterations can affect gait balance. For instance, the correction of coronal and sagittal spinal malalignment in scoliotic patients
decreased mediolateral excursion during gait (Paul et al., 2014). In another setting, patients with adult spinal deformity (ASD) are
known to have alteration of their postural malalignment that affects not only their spine and pelvis but also the positioning of their
head and lower limbs; a chain of compensatory mechanisms is established in order to maintain a balanced standing posture in the
conus of economy (Diebo et al., 2019). Patients with ASD are known to have altered quality of life that affects their daily life activities
such as walking. Several studies started to highlight gait abnormalities in patients with ASD (Assi et al., 2019; Haddas, Ju, Belanger, &
Lieberman, 2018). However, it is still unknown how their skeletal and postural deformities are related to their gait balance. Any
investigation on the relationship between skeletal or postural deformities and gait balance in the setting of ASD or other muscu-
loskeletal pathologies would benefit from a baseline or normative relationship that is still unknown.

As a first step, the aim of this study was to evaluate the normative relationship between gait balance and both demographic and
skeletal and postural parameters in asymptomatic subjects.

2. Materials and methods

2.1. Study design

This is a cross-sectional IRB approved study (CEHDF285–2016) evaluating the different determinants of balance during gait in
asymptomatic adult subjects recruited from our institution. All subjects signed an informed consent form. Subjects were excluded if
they presented with prior history of self-reported back pain or orthopedic surgery. Exclusion criteria included also the presence of
scoliosis (frontal Cobb> 10°), Scheuermann's kyphosis, leg length discrepancy or any radiologic determinant of adult spinal de-
formity (Pellisé et al., 2014) detected on radiographs.

2.2. Data collection

Demographics (sex, age, weight and height) were collected. Subjects underwent three-dimensional gait analysis (3DGA) using a
Vicon (Vicon Motion Systems, Oxford, UK) optoelectronic motion system (7 MX3 infrared cameras, 200 Hz). Marker placement was
based on the modified Helen Hayes protocol and was applied as recommended in the Plug-in-Gait® model. Subjects were asked to
walk along a 10-m walkway, at a self-selected speed, equipped with two calibrated forceplates (OR6-7-1000 AMTI®, MA, USA).
Several trials were recorded and only those where the subjects placed a full foot on each of the forceplates were considered. The
pipeline in Workstation® (Vicon Motion Systems, Oxford, UK) was used to process data: fill gap routine±10 frames and Woltring
filter with a scale of 10. Consistent kinematic and kinetic curves were validated using Polygon® (Vicon Motion Systems, Oxford, UK)
and inconsistent trials were eliminated. One representative trial was then considered.

The center of mass (COM) was determined as the vector sum of the individual segment mass vectors, estimated from the kinematic
centroid obtained from the Plug-In-Gait model. The center of pressure (COP) was determined as the application point of the ground
reaction force obtained from the forceplates. The COP data were time-synchronized with motion data. During the double-stance
phase, when the COP changed between the forceplates, a resultant COP was calculated for both feet (Jian, Winter, Ishac, & Gilchrist,
1993).The COM-COP angle with the vertical was calculated in both the frontal and sagittal planes during the gait cycle for each
subject (Lee & Chou, 2006) (Fig. 1).

In the frontal plane, the maximum of the COM-COP angle was chosen as the highest value for the left or the right side, depending
on which was higher. As for the sagittal plane, the maximum value was considered to be the highest positive value and therefore
when the COP was in front of the COM. The minimum of the COM-COP was the lowest negative value, therefore the COP being
behind the COM.

The maxima, minima and range of motion (ROM) of the COM-COP angle in the frontal and sagittal planes were considered as
parameters of gait balance and were calculated over the whole gait cycle for each subject. An increase in any of these parameters



would indicate a decrease in balance.
Following the gait analysis, subjects underwent a full body biplanar X-ray exam (EOS Imaging®, Paris, France). All subjects were

placed in the consensual free-standing position with shoulders flexed at 45° and hands placed on the zygomatic processes, and with
slightly shifted feet (Chaibi et al., 2012). This position was adopted to avoid the superimposition of subjects' arms over their spines, or
the left and right femoral condyles, on lateral radiographs. Three-dimensional reconstructions of the spine and the lower limbs were
obtained from the biplanar X-rays using SterEOS® (EOS imaging, Paris, France). Three-dimensional reconstruction of the pelvis was
obtained using a specific software (Arts et Métiers ParisTech, Paris, France). Then, skeletal and postural radiological parameters of
the spine, pelvis, lower limbs and global posture were calculated: sagittal vertical axis SVA (center of C7 vertebral body plumbline to
the posterior corner of the sacral plate), CAM plumb line (center of auditory meatus plumbline to the middle of the hip axis), thoracic
kyphosis (T1T12), lumbar lordosis (L1S1), pelvic incidence, pelvic tilt, sacral slope (Bendaya et al., 2015; J. Dubousset et al., 2008;
Dubousset, Charpak, Skalli, & Kalifa, 2007; Duval-Beaupere et al., 2002; J. Legaye, Duval-Beaupère, Hecquet, & Marty, 1998; Jean
Legaye & Duval-Beaupère, 2005; Vialle et al., 2005), femoral neck length, neck shaft angle, femoral torsion, valgus/varus of the knee,
femoral anteversion, tibial torsion, tibial mechanical angle, acetabular abduction, acetabular anteversion, acetabular tilt, vertical
center edge angle (VCE) (Anda, Svenningsen, Dale, & Benum, 1986; Stem et al., 2006; Zilber, Lazennec, Gorin, & Saillant, 2004),
anterior (AASA) and posterior (PASA) acetabular sector angles (Anda et al., 1986), percentage of acetabular coverage by the femoral
head (Humbert, Carlioz, Baudoin, Skalli, & Mitton, 2008) and the sacro-acetabular angle (Fig. 2).

2.3. Statistical analysis

Descriptive statistics (mean and standard deviation) were calculated for the COM-COP angles in both the sagittal and frontal
planes, as well as for the spino-pelvic, hip and lower limb parameters.

In order to evaluate the relationship between the gait balance (COM-COP) variables, and demographic and skeletal parameters, a
univariate analysis was conducted using Pearson's correlation test. The level of significance was set at 0.05. P-values were adjusted
using Benjamini-Hochberg procedure to account for multiple testing (n = 312 correlations).

Then, in order to evaluate the main determinants of gait balance from demographic and skeletal parameters while accounting for
correlations between predictor variables, a multivariate analysis was conducted using a stepwise multiple linear regression (SMLR).
Probability for entry was 0.05 / Probability for removal was 0.1. The dependent variables were the COM-COP angle parameters in the
sagittal and frontal planes; the independent variables were demographics and skeletal parameters that showed significant correla-
tions to COM-COP variables in the univariate analysis, as well as other non-significant parameters that were judged to be clinically
important to be included in the model. In total, 5 models were run for the following COM-COP parameters: maximum frontal angle,
ROM frontal angle, minimum sagittal angle, maximum sagittal angle and ROM sagittal angle. The level of significance of the model
was adjusted using Bonferroni correction to account for multiple models (n = 5; thus, level of significance was 0.01 instead of 0.05).
Moreover, the level of significance for each predictor variable was adjusted using the Benjamini-Hochberg procedure in order to
account for the number of predictor variables included in the model (n = 18). The validity of multiple linear regression assumptions
was checked. The adjusted R2 of the models as well as β and p-values of predictor variables were reported.

Statistics were undertaken using Xlstat® (version 2019.1.2, Addinsoft, Paris, France).

Fig. 1. Representation of COM-COP angle calculation in the sagittal and frontal planes.



3. Results

In total, 115 asymptomatic subjects (age: 29 ± 7 years [18–59], weight: 70 ± 9 Kgs, height: 169 ± 10 cm, 57F: 58 M) were
included in this study.

3.1. Descriptive statistics

Subjects had an average pelvic tilt of 12° with a pelvic incidence of 48°. Their L1S1 lumbar lordosis had a mean of 60° associated
with a T1T12 thoracic kyphosis of 45°. Their C7 was positioned in the sagittal plane behind the sacrum (SVA = -12 cm) as well as
their center of auditory meatus (CAM-HA = -25 cm). They had a pelvic width of 25 cm on average. The acetabulum was tilted with
an average of 23°. The abduction had a mean of 55° and the anteversion was 17°. The acetabulum was covered posteriorly with a
mean of 96° (PASA) and anteriorly 60° (AASA). The lateral coverage of the acetabulum (VCE) had a mean value of 30° (detailed
values and other parameters are displayed in Fig. 3).

In the frontal plane, the maximum of the COM-COP angle reached 4.6 ± 1.3° and the ROM was 9.0 ± 2.4°. In the sagittal plane,
the maximum of the COM-COP angle reached 19.7 ± 2.8°, the ROM was 34.1 ± 4.8° and the minimum was −14.4 ± 3.21°
(Fig. 4).

3.2. Univariate analysis

As a first step in assessing the relationship between demographics and skeletal parameters with gait balance, simple correlations
were computed between the variables.

The COM-COP angles were significantly correlated to the following demographic and skeletal parameters (Fig. 5):
An increase of weight (r = 0.53, Fig. 6), age (r = 0.22 to 0.28), and height (r = 0.35 to 0.37) was correlated to an increase in the

maximum and ROM of the frontal COM-COP angle. Regarding skeletal and postural parameters, an increase of a forward back (SVA:
r = 0.2 to 0.23), thoracic kyphosis (T1T12: r = 0.22 to 0.24) and pelvic width (r = 0.24 to 0.25) was correlated to an increase in the
maximum and ROM of the frontal COM-COP.

However, in the sagittal plane, an increase of height (r = −0.28 to −0.33, Fig. 6) was correlated to a decrease of maximum and
ROM of the sagittal COM-COP. An increase of acetabular tilt (r = 0.25) and acetabular anteversion (r = 0.21) were correlated to an
increase of the maximum sagittal COM-COP. In addition, a decrease in anterior acetabular coverage (r=−0.21) was correlated to an
increase of the ROM sagittal COM-COP.

Fig. 2. Skeletal and postural parameters calculated from 3D reconstructions obtained from full-body biplanar radiographs.
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3.3. Multivariate analysis

Furthermore, in order to better investigate the main determinants of gait balance parameters among demographic and skeletal
and postural parameters, multiple linear regressions were computed. The following parameters that were shown to be significant in
the univariate analysis as well other parameters that were judged to be clinically significant were included in the multivariate models
as dependent variables: age, weight, height, sex, SVA, CAM-HA, L1S1, T1T12, pelvic tilt, pelvic incidence, VCE, percentage of
acetabular coverage over the femoral head, sacro-acetabular angle, acetabular tilt, acetabular abduction, acetabular anteversion,
PASA, AASA.

Instability during gait was determined by the increase of the following parameters in each plane as shown in the multivariate
analysis:

In the frontal plane, an increase in the maximum of the COM-COP angle was determined (p < .001) at 39% (adjusted R2) by an
increasing weight (β = 0.48, p < .001), being a male (β = 0.42, p < .001) and an increasing posterior acetabular coverage
(β = 0.22, p = .006). An increasing ROM of the frontal COM-COP angle was determined (p < .001) at 35% by an increasing weight
(β = 0.32, p = .002), being a male (β = 0.37, p = .001), and an increasing posterior acetabular coverage (β = 0.22, p = .007).

Fig. 4. Sagittal and frontal COM-COP angles calculated in 115 asymptomatic subjects.

Fig. 5. Correlation diagram between COM-COP angles and skeletal parameters in 115 asymptomatic subjects.



In the sagittal plane, an increasing maximum of the COM-COP angle was determined (p < .001) at 13% by a decreasing height
(β = −0.38, p < .001) and an increasing SVA (β = 0.19, p = .004). An increasing ROM of the sagittal COM-COP was solely
determined (p = .01) at 7.3% by a decreasing height (β = −0.28, p = .002).

4. Discussion

In this study, the examination of skeletal parameters and gait of 115 asymptomatic adult subjects showed that gait balance in the
frontal and sagittal planes was influenced by both anthropometric and skeletal parameters. Frontal imbalance appeared to be more
pronounced with increasing weight, height, age, SVA, T1T12 and pelvic width. Sagittal imbalance was found to be associated with an
increased acetabular tilt, acetabular anteversion and a decreased anterior acetabular coverage. In addition, sagittal COM-COP was
shown to increase with decreasing height and weight.

The hip skeletal parameters of our population were found to be similar to those previously reported in studies concerning
asymptomatic adults (Tannast, Hanke, Zheng, Steppacher, & Siebenrock, 2015). Similarly, spino-pelvic parameters of this study were
closely comparable with the results shown in previous studies (Bakouny et al., 2018).

The COM-COP parameters of our population were also similar to the ones reported in previous studies (Lee & Chou, 2006).
The female sex appeared as being an important determining factor (adjusted R2 > 0.33) of both the maximum (β: −0.426, M

being the reference) and the ROM (β: −0.371) of the frontal COM-COP. It is known that the female pelvic anatomy is significantly
different compared to males (Kersnic et al., 1996; Wang et al., 2004): the female pelvis being larger and wider than the male pelvis
which is taller, narrower, and more compact. This anatomic property could influence balance during gait, thereby possibly explaining
the increased frontal instability reported in women.

An increased weight appeared to be related to frontal imbalance. It was correlated to both the maximum (r = 0.53) and the ROM
of the frontal COM-COP (r = 0.53). These results were reinforced by the multivariate analysis which showed that weight is a
determinant of both frontal maximum and ROM COM-COP angles. These findings are further illustrated by a comparison of two
subjects with differing weights who present important variations in their maximum frontal COM-COP angles (Fig. 7).

On the other hand, pelvic width was also correlated to both the maximum (r = 0.25) and the ROM (r= 0.24) of the frontal COM-
COP angle suggesting that a wider pelvis morphology may be associated with an increased imbalance in the frontal plane.

Furthermore, the sagittal vertical axis is a commonly used parameter to study global alignment. The subject is considered to have
sagittal malalignment if the SVA drops in front of the femoral heads (Jackson & McManus, 1994). This parameter was used in the
several classifications for adult spinal deformity subjects as an inclusion criteria for subjects having an SVA of over 4 or 5 cm (Pellisé
et al., 2014; Schwab et al., 2012). Glassman showed that an increased forward bending of the trunk is associated with increased pain
and decreased function (Glassman et al., 2005). The magnitude of these symptoms was also found to increase with augmented
imbalance, i.e. when the SVA increases. An increased SVA is well known to affect a subject's quality of life and is therefore associated
with altered HRQOL measures (Kim et al., 2017). In this study, the SVA was found to be positively correlated with the maximum
(0.23) and the ROM (0.20) of the frontal COM-COP angles. SVA was also shown to be a determinant of maximum sagittal COM-COP
angle (β= 0.19). Thus, an increase of SVA, that is usually seen in elderly people and especially in adults with spinal deformity (Diebo
et al., 2019), is related to increasing imbalance during gait in both frontal and sagittal planes (Assi, Kawkabani, et al., 2019). Future
studies should investigate about causes of gait imbalance in subjects with adult spinal deformity (ASD) and to verify if surgical
correction of SVA can improve gait stability in these patients.

In addition to global posture, several acetabular parameters were found to affect gait, and especially in the sagittal plane. An
increased acetabular tilt (r = 0.25) and acetabular anteversion (r = 0.21) were found to be correlated with increased maximum

Fig. 6. Scatter plots of selected correlations between COM-COP angles and demographic and skeletal parameters.



sagittal COM-COP angle. Also, a decreased acetabular anterior coverage (r=−0.21) is correlated to an increased sagittal ROM of the
COM-COP angle. These findings are further illustrated by a comparison of two subjects with considerable variations in their acet-
abular parameters who present with different maximum sagittal COM-COP angles (Fig. 8). Additionally, posterior acetabular cov-
erage appeared to be an important determinant (adjusted R2 > 0.35) of both maximum (β = 0.22) and ROM (β = 0.22) of the
frontal COM-COP angle. These results show that when the acetabulum is more tilted in the sagittal plane, thus decreasing acetabular

Fig. 7. Example of the maximum frontal COM-COP angle in two subjects with different weights.

Fig. 8. Example of the maximum sagittal COM-COP angle in two subjects with different acetabular parameters.



anterior coverage and increasing posterior acetabular coverage, this could contribute to increase sagittal imbalance during gait.
These modifications in acetabular orientation are seen in subjects with adult spinal deformity due to their increased pelvic tilt that
contributes to an increase of their acetabular tilt associated with a decreased anterior coverage and an increase of the posterior
coverage of the (Assi et al., 2019). Thus, these acetabular orientation parameters might be related to the gait imbalance in subjects
with adult spinal deformity. Future studies should test this hypothesis in patients with ASD.

Moreover, these results suggest that the orientation of the proximal hip, which forms the anatomical hinge between the head and
trunk segments, where the centre of mass is located, and the lower limbs, which are the principal actors in gait, is a very important
factor that correlates with sagittal dynamic imbalance, and therefore instability during gait.

This is the first study to evaluate the normative relationship between demographic and skeletal parameters with gait stability.
This study has some limitations; it did not take into account the muscular component when assessing the determinants of gait
stability. Future studies should include the muscular factor, using EMG or musculoskeletal models, when evaluating stability during
walking. As discussed earlier, future studies should also investigate gait balance in subjects with skeletal deformities in the spine and
the hip such as in subjects with adult spinal deformity.

In conclusion, this study evaluated the demographic and skeletal determinants of gait balance in asymptomatic adult subjects. The
results suggest that in addition to demographic parameters, acetabular orientation and SVA are important determinants of both
frontal and sagittal balance during gait. Future studies should analyze the stability during gait in patients with spinal or hip de-
formities, therefore allowing an understanding of the deformity and its repercussion on walking, leading to better patient-oriented
treatment options.
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