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Abstract
Study design  A non-randomized, prospective, concurrent control cohort study.
Objective  The purpose of this study is to develop and evaluate a method to quantify the dimensions of the cone of economy 
(COE) and the energy expenditure associated with maintaining a balanced posture within the COE, scoliosis patients and 
compare them to matched non-scoliotic controls in a group of adult degenerative.
Summary of background data  Balance is defined as the ability of the human body to maintain its center of mass (COM) 
within the base of support with minimal postural sway. The cone of economy refers to the stable region of upright standing 
posture. The underlying assumption is that deviating outside one’s individual cone challenges the balance mechanisms. Adult 
degenerative scoliosis (ADS) patients exhibit a variety of postural changes within their COE, involving the spine, pelvis and 
lower extremities, in their effort to compensate for the altered posture.
Methods  Ten ADS patients and ten non-scoliotic volunteers performed a series of functional balance tests. The dimensions 
of the COE and the energy expenditure related to maintaining balance within the COE were measured using a human motion 
video capture system and dynamic surface electromyography.
Results  ADS patients presented more COM sway in the sagittal (ADS: 1.59 cm vs. H: 0.61 cm; p = 0.049) and coronal (ADS: 
2.84 cm vs. H: 1.72 cm; p = 0.046) directions in comparison to the non-scoliotic control. ADS patients presented with more 
COM (ADS: 33.30 cm vs. H: 19.13 cm; p = 0.039) and head (ADS: 31.06 cm vs. H: 19.13 cm; p = 0.013) displacements 
in comparison to the non-scoliotic controls. Scoliosis patients expended more muscle activity to maintain static standing, 
as manifest by increased muscle activity in their erector spinae (ADS: 37.16 mV vs. H: 20.31 mV; p = 0.050), and gluteus 
maximus (ADS: 33.12 mV vs. H: 12.09 mV; p = 0.001) muscles.
Conclusions  We were able to develop and evaluate a method that quantifies the COE boundaries, COM displacement, and 
amount of sway within the COE along with the energy expenditure for a specific patient. This method of COE measurement 
will enable spine care practitioners to objectively evaluate their patients in an effort to determine the most appropriate treat-
ment options, and in objectively documenting the effectiveness of their intervention.

Keywords  Cone of economy · Adult degenerative scoliosis · Functional balance test · Energy expenditure · Center of mass · 
Human video motion capture · Electromyography · Sagittal balance

Introduction

Balance is defined as the ability of the human body to main-
tain its center of mass (COM) within the base of support 
with minimal postural sway [1]. Sway is the movement of 
the COM in the horizontal plane when a person is stand-
ing in a static position. Due to small perturbations within 
the body (e.g., breathing, shifting body weight from one 
foot to the other or from forefoot to hindfoot, etc.) or from 
external stimuli (e.g., visual distortions, floor translations, 
etc.), a certain amount of sway is needed and unavoidable. 
Maintenance of balance requires coordination between the 
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sensorineural and musculoskeletal systems. An increase in 
sway is not necessarily an indicator of dysfunctional bal-
ance, so much as it is an indicator of decreased sensorimo-
tor control [2]. Aging, vestibular deficits, neurologic condi-
tions, neuromuscular disease, peripheral neuropathies, and 
abnormal spinal curvatures, all predispose an individual to 
postural instability and may alter their balance.

A number of balance measurement evaluations have 
been developed. Evaluations based on self-reported ques-
tionnaires regarding activity levels, fall history and more, 
are frequently used in the clinical setting. Other functional 
evaluations such as the Romberg test [3], Functional For-
ward reaching test [3], Timed up and go test [3], Balance 
Evolution Systems Test (BESTest) [4], Balance Error Scor-
ing System (BESS) [5, 6], Performance oriented Mobility 
Assessment (POMA) [3], and Berg balance test [7, 8], are 
commonly used in clinical practice as well. These evalua-
tions are easily accessible and economically feasible in terms 
of time, cost, labor and equipment. However, these evalua-
tions have a number of limitations. All of these evaluations 
are highly subjective and often depend on self-reported val-
ues. The validity and reliability, along with the sensitivity 
and specificity of these evaluations, are highly variable. In 
addition there can be variability in the test results depending 
upon the selection of the diagnostic test and selected capture 
endpoints.

Spinal deformities comprise a variety of conditions that 
affect the normal spinopelvic alignment in the coronal and 
or sagittal planes. Common presenting symptoms include 
progressive deformity, back pain, lower extremity pain and 
dysfunction [9]. The location of the center of balance in 
the sagittal plane in deformity patients is most commonly 
estimated using full length spinal radiographs to measure 
the sagittal vertical axis (SVA). The measurements are per-
formed by dropping a plumb line from the C7 vertebra, and 
measuring the horizontal distance from the plumb line to 
the midpoint of the superior end plate of the S1 vertebra. A 
variety of postural changes in the spine, pelvis and lower 
extremities are observed in patients in their effort to com-
pensate for the anterior shift in the gravity line. These com-
pensatory mechanisms reported in the literature include a 
reduction of thoracic kyphosis, hyper-extension of spinal 
segments, retrolisthesis of one vertebrae upon the next, pel-
vic retroversion, and hip and knee flexion along with ankle 
dorsiflexion [10]. These mechanisms appear progressively 
to compensate for the increasing imbalance and bring the 
axis of gravity as close to a near normal biomechanical bal-
anced position.

Jean Dubousset, first introduced the concept of the cone 
of economy and balance (COE), referring to a stable region 
of standing posture. The underlying assumption is that devi-
ating outside one’s individual cone challenges the balance 
mechanisms (Fig. 1) [11]. The ability of the human body 

to maintain the COM within the COE with minimal energy 
expenditure results from a complex interaction of supra- and 
infra-pelvic alignment parameters. These parameters are 
influenced by the flexibility of the spine and joints of the 
lower extremities, neuromuscular control, muscle strength, 
muscle endurance, and body habitus. It becomes evident 
that the impact of spinal deformity on stance is multi-facto-
rial, and thus cannot be exclusively correlated to the above 
described radiographic static alignment parameters.

Regarding the many spine and pelvic radiographic align-
ment parameters, multiple studies have shown that trunk 
imbalance especially in the sagittal plane, correlates with 
poor quality of life outcomes scores and progressively wors-
ening low back pain [12, 13]. These correlations, however, 
do not explain symptoms for every case, and there are nota-
ble examples of patients with severe deformity and minimal 
functional loss, as well as others with not-so-severe deform-
ity and severe functional loss [14]. The way an individual 
patient compensates for truncal imbalance may be variable 
and may depend on other constitutional factors such as age, 
neuromuscular condition, and BMI. In general though, the 

Fig. 1   Cone of economy as described by Dubousset [11]
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brain, through the righting reflex, will sacrifice focal align-
ment to optimize global balance within Dubousset’s “Cone 
of Economy”.

With the aforementioned in mind, the importance of the 
COE is recognized and well documented [11, 15, 16]; how-
ever, to our best knowledge, no one has attempted to quan-
tify the dimensions of the COE and the energy expenditure 
associated with sway inside the COE.

The purpose of this study is to develop and evaluate 
a method to quantify the dimensions of the COE and the 
energy expenditure associated with maintaining a balanced 
posture within the COE, in a group of adult degenerative 
scoliosis patients and compare them to matched non-scoli-
otic controls. This method of COE measurement will enable 
spine care practitioners to objectively evaluate their patients 
in an effort to determine the most appropriate treatment 
options, and in objectively documenting the effectiveness 
of their intervention.

Methods

Subjects

To develop and evaluate our method of quantifying the 
COE, we collected data from ten adult degenerative sco-
liosis (ADS) patients (6 females; age 48.5 ± 12.9 years; 
height 1.65 ± 0.1 m; weight 65.98 ± 18.1 kg; Cobb angle 
41.60°  ±  12.1°), and ten non-scoliotic volunteers (7 
females; age 49.4 ± 8.4 years; height 1.69 ± 0.1 m; weight 
68.91 ± 8.33 kg). Patients were included in the study if 
they were between the ages of 30 and 70 years, with clini-
cally diagnosed thoracolumbar and/or lumbo-sacro-pelvic 
deformity, with a coronal Cobb angle of 25° or greater, were 
deemed symptomatic enough to undergo surgical interven-
tion, and were able to ambulate without assistance. Patients 
were excluded if they had a history of prior spine or major 
lower extremity surgery or previous injury that may affect 
standing, had a BMI higher than 35, had a primary neu-
rological disorder, had a diabetic neuropathy or other dis-
ease that impairs the patient’s ability to ambulate or stand 
without assistance, and if they were pregnant. Non-scoliotic 
volunteers were recruited from the general population. These 
volunteers were between the ages of 30 and 70 years, and 
had no history of spinal deformity or other spinal ailment.

Preparatory procedures

All test subjects were fitted with 51 external reflective 
markers using locations and procedures modified from 
Vaughan et al. [17]. These markers were placed on the skin 
overlying strategic anatomic points as depicted in Fig. 2. 
Anthropometric measurements were taken before the test. 

Surface EMG electrodes were placed bilaterally on the 
skin overlying the external oblique (EO), multifidus (Mf) 
at the level of L5, erector spinae (ES) at the level of L1, 
gluteus maximus (GM), rectus femoris (RF), semitendino-
sus (ST), tibialis anterior (TA), and medial gastrocnemius 
(MG). The skin at the recording sites was cleaned with 
alcohol, shaved if necessary, and then lightly abraded to 
reduce impedance.

Testing procedures

Each subject performed a series of functional balance 
tests. The functional balance test was similar to a Romb-
erg’s test [3] in which the patients are required to stand 
erect with feet together and eyes opened in their self-
perceived balanced and natural position for a full minute. 
Each patient performed the test three times. The average of 
the three tests was calculated and used for further analysis.

Fig. 2   Full body marker set
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Data acquisition

Three-dimensional (3D) kinematic data were recorded 
at 100 Hz using a 10 camera Vicon Video system (Vicon 
Nexus 2.7 Inc., Englewood, CO, USA). Electromyographic 
(EMG) data were recorded simultaneously at 2000 Hz. The 
kinematic data were low-pass filtered with a fourth-order 
Butterworth filter with a lower cutoff at 4 Hz. The EMG data 
were wirelessly transmitted to the sampling computer using 
an eight channel Delsys Trigno unit (Delsys, Inc, Natick, 
MA, USA). The Trigno bandwidth was 200–500 Hz with 
a signal-to-noise ratio of 1 µV root mean square baseline 
noise. The preset signal amplification was set to be 2000 
times, with an impedance of 10 MΩ and a common-mode 
rejection ratio of 100 dB. The EMG data were band-pass 
filtered between 20 and 450 Hz with a fourth-order, no pass 
zero-phase-lag Butterworth filter and then was fully wave 
rectified.

Center of mass calculation

Center of mass was calculated based on anthropometric 
measurements using the body segment method and a custom 
algorithm software (Vicon Nexus 2.7 Inc., Englewood, CO, 
USA; MATLAB R2016). Since the human body consists of 
several segments, such as hands, forearms and upper arms, 
the overall mass distribution within the body is a function of 
the mass distribution within the individual segments and the 
overall posture. These parameters were historically obtained 
from cadaver research performed between 1950 and 1970 
[18–20]. Research conducted in the former Soviet Union in 
the 1980s [21, 22] provided an alternative source for body 
segment parameter measures. To fully and accurately calcu-
late the COM, we used the parameters listed from Zatsior-
sky’s data which were published in 1996 [23].

Cone of economy boundaries calculation

To establish the COE boundaries, we first measured and 
then calculated the COM displacement (middle COE ring) 
and C7 marker displacement (top COE ring) in the sagittal 
and coronal planes during the functional balance test using 
a custom algorithm (MATLAB R2016). We then measured 
and calculated stance width and used that to set the tip of the 
cone (lower COE ring). This was followed by then plotting 
the COM displacement in the horizontal plane in the sagit-
tal and coronal directions (Fig. 3). Finally, the minimum 
and maximum displacement values were calculated in both 
the sagittal and coronal directions. The differences between 
maximum and minimum values were also calculated. Those 
values were used to determine the boundaries of the cone 
of economy and sagittal and coronal sway range of motion 
(ROM) (Fig. 4).

Since defining the boundaries of the COE may not fully 
represent the true sway amount inside the COE, we further 
measured and calculated the overall length of the COM 
displacement line in the horizontal plane in all directions 
(Fig. 5).

Electromyography (EMG) calculation

The collected EMG data were normalized to a sub-max-
imum voluntary contraction. This allows us to compare 
muscle activity between two different groups [24]. The 
raw EMG data were then “full-wave rectified” (the pro-
cess by which the positive and negative voltage amplitude 
are summed together by converting the negative value to a 
positive value), and then the linear envelope was calculated 
(the process of establishing an estimate of EMG volume of 
activity); this is then followed by calculating the integrated 
EMG activity, which is a graphic representation of the sum 
total EMG activity over a defined period of time (Fig. 6). In 
this fashion, the total accumulated muscle activity can be 

Start Point
End Point

Fig. 3   Center of mass displacement during a functional balance test. 
The line represents the linear movement of the COM in the horizontal 
plane in all directions over the duration of the test
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computed for a chosen time period [24]. Smaller values rep-
resent lesser muscle work and minimal energy expenditure.

Statistical analysis

One-way ANOVA was used to determine differences in the 
dimensions of the COE and the energy expenditure in ADS 
patients compared to non-scoliotic controls. Statistical anal-
yses were conducted using SPSS, Version 23.0 (IBM, Inc., 
Chicago, IL, USA).

Results

With this newly described method to measure the COE, we 
were able to express the COE boundaries and specifically 
quantify the diameters of the COE (Fig. 4). Furthermore, our 
method was able to quantify the COM displacement within 
the COE. This result measures patients’ displacement or 
amount of sway inside the COE over time (Fig. 5). Moreo-
ver, our method was able to quantify muscle efficiency by 

calculating integrated EMG. Tables 1 and 2 outline the 
results of this method of COE measurement in ADS patients 
and non-scoliotic volunteers.

When comparing the sway, ADS patients presented 
more sway in the sagittal (ADS: 1.59 cm vs. H: 0.61 cm; 
p = 0.049) and coronal (ADS: 2.84 cm vs. H: 1.72 cm; p 
= 0.046) directions at the middle and top rings (Sagittal—
ADS: 1.04 cm vs. H: 0.69 cm; p > 0.050 and coronal—
ADS: 1.81 cm vs. H: 1.34 cm; p = 0.022) in comparison to 
the non-scoliotic controls. When comparing the displace-
ment, ADS patients presented with more COM (ADS: 
33.30 cm vs. H: 19.13 cm; p = 0.039) and head (ADS: 
31.06 cm vs. H: 19.13 cm; p = 0.013) displacements in 
comparison to the non-scoliotic controls (Table 1). When 
comparing the size of the middle and top rings, scoliosis 
patients exhibited a larger diameter, particularly in the sag-
ittal plane. We found that these scoliosis patients expended 
statistically significantly more muscle activity to maintain 
static standing, as manifest by increased muscle activity in 
their ES (ADS: 37.16 mV vs. H: 20.31 mV; p = 0.050), and 
GM (ADS: 33.12 mV vs. H: 12.09 mV; p = 0.001) muscles 

Sagi�al ROM = 4.51 cm    
Coronal ROM = 2.47 cm

Fig. 4   Boundaries of the cone of economy and total sway inside the 
cone of economy

Total Sway= 50.43 cm 

Fig. 5   Defining the boundaries of the cone of economy
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during 1 min standing in comparison to non-scoliotic con-
trols (Table 2). Although they were not statistically sig-
nificant, there was a trend toward greater muscle activity 
in the EO (ADS: 37.30 mV vs. H: 22.68 mV; p > 0.050), 
Mf (ADS: 31.77 mV vs. H: 23.64 mV; p > 0.050), RF 
(ADS: 23.97 mV vs. H: 20.03 mV; p > 0.050), ST (ADS: 

29.81  mV vs. H: 21.97  mV; p  >  0.050), TA (ADS: 
25.45 mV vs. H: 15.39 mV; p > 0.050), and MG (ADS: 
35.53 mV vs. H: 30.98 mV; p > 0.050) muscles during 
1 min standing in the ADS patients in comparison to non-
scoliotic controls (Table 1). With higher values in sway 

Fig. 6   Raw EMG, average rectified signal, linear envelop, integrated EMG for a representative patient
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displacement and integrated EMG, ADS patients seem to 
expend more energy during a simple standing task.

Discussion

The purpose of this study was to develop and evaluate an 
innovative method to quantify the COE. The COE may not 
always be a perfect circle as presumed from the original 
concept described by Dubousset [11]. The COE can in fact 
be characterized as an individual specific ellipse, with dif-
fering sagittal and coronal diameters that can vary depend-
ing on the individual’s anatomy and any coincident spinal 
pathology. Moreover, defining the boundaries of the COE 
may not always represent the true amount of sway inside 
the COE, nor reflect the energy expenditure associated with 
maintaining balance. Therefore, much like a fingerprint, 
any individual can be expected to have his/her unique COE 
dimensions and balance parameters.

With this method, we were able to define the unique indi-
vidual specific COE boundaries and quantify the diameters 

of the COE. In a non-scoliotic individual we demonstrated 
that the coronal sway is greater than the sagittal sway. In 
symptomatic Adult Degenerative Scoliotic patients, both the 
sagittal and coronal sway increased with the sagittal sway 
increasing proportionally more. We also demonstrated that 
the amount of sway inside the COE in deformity patients 
was greater over time when compared to the controls.

With this method, we were further able to quantify the 
energy expenditure as reflected by muscle activity during a 
simple standing task. We observed that ADS patients exhibit 
more muscle activity particularly in the ES and GM muscles, 
and thus expend more energy to maintain static standing 
or balance. This may be due to the abnormal spine curve 
structure and or to asymmetry in neuromuscular control, 
compounded by the biomechanical forces associated with 
progressive sagittal imbalance. Summing up these facts, 
ADS patients expend more energy during a simple standing 
task in an effort to maintain balance within their COE when 
compared to healthy controls.

Combining the above-noted findings, of increased sagit-
tal sway and increased muscle activity in the ES and GM 

Table 1   Representative data of the COE measurement method (cm)

Bold represents p value below 0.05

COE middle ring COE middle ring COE top ring

Foot length Stance width Sagittal sway Coronal sway Sway distance Sagittal C7Sway Coronal C7Sway Sway C7Distance

Non-scoliotic controls
 1H 0.24 0.42 0.78 1.49 23.44 1.90 1.89 35.09
 2H 0.24 0.36 0.68 1.91 16.63 0.48 1.00 31.58
 3H 0.24 0.24 0.64 2.16 24.60 0.66 0.95 36.29
 4H 0.24 0.34 0.71 1.20 22.27 1.47 2.47 43.12
 5H 0.24 0.36 0.68 1.62 22.58 0.50 2.04 19.12
 6H 0.24 0.42 0.26 1.58 16.95 0.48 1.89 23.94
 7H 0.24 0.36 0.33 1.65 14.52 2.35 2.24 57.94
 8H 0.26 0.20 0.82 1.90 18.70 0.84 1.42 16.77
 9H 0.24 0.24 0.59 1.67 16.06 0.79 2.12 23.17
 10H 0.24 0.34 0.65 2.06 15.56 0.92 2.07 23.62

Mean 0.24 ± 0.01 0.32 ± 0.07 0.61 ± 0.17 1.72 ± 0.27 19.13 ± 3.53 0.69 ± 0.14 1.34 ± 0.28 19.13 ± 4.87
Adult degenerative scoliosis
 1S 0.25 0.37 1.84 2.59 24.17 0.77 1.39 31.41
 2S 0.27 0.41 0.91 1.20 13.93 0.74 1.29 20.59
 3S 0.27 0.35 0.36 1.59 36.96 0.53 1.26 20.17
 4S 0.21 0.31 2.62 4.36 52.59 0.88 1.70 17.77
 5S 0.25 0.37 0.94 3.69 28.74 0.86 1.95 18.30
 6S 0.27 0.41 0.40 2.72 26.11 0.65 1.04 15.39
 7S 0.27 0.35 5.50 4.73 79.47 0.35 1.04 14.43
 8S 0.21 0.31 0.98 1.93 17.04 0.68 1.23 22.80
 9S 0.24 0.30 0.64 1.50 18.96 0.73 1.07 16.13
 10S 0.24 0.29 1.73 4.13 35.10 0.70 1.43 14.36

Mean 0.25 ± 0.02 0.35 ± 0.04 1.59 ± 1.46 2.84 ± 1.23 33.30 ± 18.76 1.04 ± 0.61 1.81 ± 0.48 31.06 ± 11.94
p value 0.297 0.466 0.049 0.046 0.039 0.116 0.022 0.013
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in symptomatic degenerative scoliosis patients, does verify 
the premise that “Kyphosis begets Kyphosis” as described 
by Benzel [25, 26], and justifies the philosophy of restor-
ing sagittal balance as recommended by Dubousset [11].

Many published studies describe in detail the methods 
used to analyze a spinal deformity the sagittal plane of 
the spine, identify compensatory mechanisms from the 
hip, knee and ankle, and select patient-specific alignment 
targets [27–29]. These measures and estimates are based 
on static two-dimensional X-rays, with a focus on the sag-
ittal plane measures. In one of those studies, Diebo et al. 
stated in their conclusions, that the dynamic aspects of 
alignment, along with clinical evaluation are crucial in 
managing spinal deformity conditions [27]. Therefore, 
while most of the balance research in deformity patients 
is done focusing on the sagittal plane and based on a static 
imaging, our method and this study provide the first effort 
to evaluate global balance and the “Cone of Economy” 
as a dynamic test. We fully well realize that not every 
spine practitioner has access to a human motion lab or the 
needed resources. With this in mind we would encourage 

those who do to think about this method and help advance 
the science.

Finally, using our method of measuring the COE with 3D 
video kinematic data and EMG data will allow spine prac-
titioners to define for each patient’ his/her specific balance 
measurements. Contemporary teaching encourages surgeons 
to attempt to rebalance the spine to “normalized contours”. 
Those skilled in the art and science of deformity surgery 
now realize that achieving normal contours may not be ideal 
for every person. The use of gait analysis may help define the 
ideal extent of correction to achieve energy efficient mobil-
ity and posture. This may in turn lead to less invasive and 
symptom specific surgery.

Limitations

This method does have some inherent limitations. To use 
this method requires the human motion video capture capa-
bilities and EMG measurement capabilities, as well as the 
expertise of a biomechanics technician, associated with 
a human motion lab. Additionally, we acknowledge the 

Table 2   Representative integrated electromyography data of the COE measurement method (mV)

Bold represents p value below 0.05

External 
oblique

Multifidus Erector spinae Gluteus maxi-
mums

Rectus femoris Semitendino-
sus

Tibialis ante-
rior

Medial gas-
trocnemius

Non-scoliotic controls
 1H 9.90 8.17 7.98 12.74 11.34 18.17 11.76 13.19
 2H 20.04 43.01 9.75 6.93 28.29 19.67 31.42 36.84
 3H 69.97 16.46 13.15 26.59 11.35 11.06 12.25 12.38
 4H 7.87 28.73 28.43 12.30 9.19 13.05 12.93 27.34
 5H 11.72 1.59 34.24 6.17 32.67 24.58 9.09 33.27
 6H 11.08 18.28 15.49 14.12 43.49 14.69 1.90 22.31
 7H 11.81 18.62 28.43 13.82 17.54 28.68 22.83 26.04
 8H 19.64 67.23 40.51 9.94 12.74 18.71 18.22 36.64
 9H 15.78 19.15 13.30 8.91 19.67 35.63 13.33 38.04
 10H 49.02 15.22 11.84 9.42 13.98 35.48 20.15 63.75
 Mean 22.68 ± 20.41 23.64 ± 18.92 20.31 ± 11.51 12.09 ± 5.78 20.03 ± 11.27 21.97 ± 8.83 15.39 ± 8.15 30.98 ± 14.80

Adult degenerative scoliosis
 1S 42.70 46.07 43.61 53.40 44.44 48.36 44.86 44.41
 2S 33.41 5.97 12.08 45.00 7.24 5.69 7.38 24.14
 3S 15.36 12.92 15.24 33.07 9.72 12.62 14.40 20.32
 4S 57.21 56.80 55.53 55.00 55.42 56.32 53.45 54.61
 5S 19.60 32.24 49.20 27.27 13.09 21.34 11.15 11.10
 6S 19.00 17.48 44.56 9.32 20.52 50.11 24.42 60.39
 7S 59.11 7.85 8.59 37.87 44.44 3.96 4.90 5.40
 8S 101.45 94.98 102.67 38.21 9.19 37.03 57.75 28.24
 9S 11.86 24.97 25.74 20.27 15.79 44.10 24.53 85.45
 10S 13.31 18.40 14.34 11.77 19.85 18.55 11.66 21.19

Mean 37.30 ± 28.64 31.77 ± 27.58 37.16 ± 28.76 33.12 ± 15.99 23.97 ± 17.45 29.81 ± 19.60 25.45 ± 19.63 35.53 ± 25.11
p value 0.205 0.453 0.050 0.001 0.556 0.264 0.152 0.628



1186	 European Spine Journal (2018) 27:1178–1187

1 3

limitations associated with this method of kinematic mod-
eling using the selected marker set, including; skin move-
ment, errors in the anthropometric model, system tracking 
errors and data smoothing errors.

Conclusions

We were able to develop and evaluate a method that quanti-
fies the COE measurement for a specific patient. Further-
more, we were able to quantify the patients’ COE bound-
aries, COM displacement and amount of sway within the 
COE. Moreover, we were able to quantify patients’ energy 
expenditure. Compared to controls, ADS patients showed 
wider boundaries at the top and middle rings with more 
sway, especially in the sagittal plane, as well as greater 
energy expenditure to maintain balance within their indi-
vidual COE. This method of COE measurement will enable 
spine care practitioners to objectively evaluate their patients 
in an effort to determine the most appropriate treatment 
options, and in objectively documenting the effectiveness 
of their intervention.
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