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The influence of a thoracolumbosacral orthosis
on gait performance
in healthy adults during walking
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Purpose: Since the thorax and pelvis are primary determinants of normal and pathological walking, it is important to know how gait
performance is influenced when the trunk is constraint. The objective of this study is to investigate the effect of a thoracolumbosacral
orthosis (TLSO) on gait performance in healthy adults during overground walking. Methods: Fourteen healthy volunteers walked with
and without TLSO. Outcome measures consisted of spatiotemporal parameters and clinically important joint angular time profiles of the
lower limbs. Joint angular time profiles were assessed in the sagittal, frontal and transversal plane. A paired #-test was used for discrete
parameters and spmld for assessing the joint angular time profiles. Results: Walking with a constraint resulted in decreased stride time
and step time, increased step width and cadence. In the sagittal plane, no significant differences were observed regarding joint kinematics
in the hip, knee and ankle. In the frontal plane, decreased adduction during stance and abduction during swing was observed in the hip. In the
transversal plane, increased external rotation of the hip and increased internal rotation of the ankle was seen when wearing a contstraint.
Conclusions: Wearing a TLSO can already bring forth significant changes in gait performance, suggesting an important relationship
between trunk movements and mobility.
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rotation which controls total body angular mo-
mentum and improves movement efficiency [3], [4].
A total net angular momentum close to zero was

1. Introduction

The pelvis is thought to be of high importance
during locomotion, as Saunders, Inman and Eberhart
[1] described six determinants of normal gait, of
which three were related to pelvic movement [1], [2].
The pelvis is considered to be a major part of the
trunk, together with the thorax. Although thorax
and pelvis move in a coordinated manner around
the same vertical axis, the thorax rotates in the
opposite direction as the pelvis during normal gait.
This movement pattern is also known as anti-phase

shown during walking, providing evidence that the
motion of the thorax cancels out the movement of the
pelvis [4].

Changes in trunk motion, such as increased trunk
stiffness and in-phase coordination of the pelvis and
thorax during walking are associated with aging and
many movement disorders [5]-[7]. In-phase coordina-
tion is characterized by a phase difference of zero, thus
by little to no dissociation of the pelvis and thorax.
Research regarding the influence of a thoracolumbo-
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sacral orthosis (TLSO), which impairs thorax-pelvic
dissociation kinematics and increases trunk stiff-
ness, on gait performance during overground walk-
ing is scarse. A TLSO is able to artificially induce
those age-related changes in trunk performance.
The results of this study could lead to a better un-
derstanding of the importance of trunk movements
during aging. Since aging is associated with several
other processes such as sarcopenia, cognitive de-
cline, sensory changes and even motor coordina-
tion, age-related changes in gait and its relation to
trunk motion is still unclear. Experimental designs
in which the pelvis is fixated by an orthosis or brace
resulted in a significantly reduced stride and step
length, walking speed, percentage stance phase and
step width variability, and increased step width [8]—
[10]. Although these studies demonstrate short-term
gait changes during walking, none of the previous
studies investigated the effect of a total trunk con-
straint, fixation of thorax and pelvis during walking.
Using a total trunk constraint, increased external
work and changes in thorax/pelvis-leg relative
phase have been described [11]-[13]. However, in
these studies, participants walked on a treadmill,
which induces differences in temporal and angular
kinematics, compared to overground walking [14].
Only three studies examined the effect of artificial
stiffening of the trunk during overground walking
[15]-[17]. When wearing the trunk constraint, indi-
viduals walked with shorter steps, and had a reduced
single support phase [15]. However, the device used
in the study of Russel, Kelleran and Morrison [15]
was a Kendrick Extrication Device, which is used
for immobilization of the head, neck and torso, not
the pelvis. Moreover, in the study of Konz, Fatone
and Gard [16], and Song, Kim and Kim [17] only
young and healthy individuals were included, mean
age was 27 and 25 years, respectively. Since in-
creased trunk stiffness and in-phase coordination are
typically seen in older adults, it is also important to
include subjects over the age of 30 years [5]-[7].
Therefore, more research is necessary to examine
the effect of a TLSO on gait performance during
overground walking in healthy adults with a broader
age range.

Gait performance can be assessed by several gait
characteristics, such as spatiotemporal parameters (STP).
A combination of shorter step length and increased step
width are commonly described as a strategy to cope
with imbalance [18]. This imbalance might result in
a lack of trunk control, since variations in trunk sway
are sensitive enough to detect changes in postural
control [19]. Therefore, constraining the trunk does

not only prevent typical anti-phase coordination, but
also alters balance control strategies. There are three
typically used balance strategies, ankle, hip and step-
ping strategy. Due to the constraint, movements of the
hip are limited, which alters the possibility to react on
balance disturbances. On the other hand, the con-
straint also provides more stability which could, there-
fore, increase balance. Changes of increased or de-
creased balance might cause compensatory reactions
in STP to counteract the changes in postural control,
which can tell us more about the role of the trunk in
postural balance control.

The aim of this study was to investigate the effects
of a TLSO on gait performance in healthy adults dur-
ing overground walking. We hypothesized that several
compensatory mechanisms will arise to maintain an
efficient and balanced walking pattern. Concerning
STP, we speculate that decreased step length, increased
step width and step variability, and a lower walking
speed will be the result of trunk constraint walking
since these compensations are related to imbalance.
Moreover, to understand STP differences, kinematic
parameters should also be investigated. Therefore, clini-
cally important kinematic parameters of the hip, knee
and ankle, were investigated in the sagittal, frontal and
transverse plane.

2. Materials and methods

This review was conducted according to the STrength-
ening the Reporting of OBservational studies in Epi-
demiology (STROBE) statement.

Setting

Participants received an instrumented gait analysis
performed at a movement analysis laboratory equip-
ped with an automatic three-dimensional motion cap-
ture (Vicon T10, sampling rate 100 Hz., ©Vicon Motion
Systems Ltd., Oxford, UK, 100 frames per second, reso-
lution 1 Megapixel 1120 x 896), 3 AMTI type OR 67
force plates (1000 frames per second, 46 x 50 x 8 cm,
©Advanced Mechanical Technology, Inc., Watertown,
USA) and 1 AccuGait® force plate (1000 frames per
second, 50 x 50 x 4 cm, ©Advanced Mechanical
Technology, Inc., Watertown USA). Reflective mark-
ers were attached to anatomical landmarks on the par-
ticipant’s body according to the standard Plug-In-Gait
model [20]. Participants subsequently walked barefoot
over a 12-meter walkway at a self-selected speed with
and without trunk constraint (Fig. 1). In total, a mini-
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mum of six walking trials were recorded per condi-
tion. The study protocol was approved by the local
ethics committee according to the Declaration of Hel-
sinki. Data collection lasted from September 2013 until
June 2014.

Participants

In total, 14 healthy adults ranging from 20 to
60 years old enrolled in the study. Volunteers were
excluded from the sample if they had self-reported
visual impairments, antalgic gait pattern, abnormal
mobility in the lower limbs or any known neurological
or orthopaedic disorder that could influence motor per-
formance and balance. Informed consent was obtained
from all subjects prior to participation.

Variables of interest

Demographic data (sex, age, body length, body
mass and leg length) were used to describe the sam-
ple. The mean and standard deviations (SD, variabil-
ity) of step and stride time [s], -length [m], -width [m]
and stance [%], and mean walking speed [m/s] and
cadence [steps/min] were selected as outcome vari-
ables. Those variables were calculated as the mean of
two trials in each condition. Per trial, the mean of at
least three strides within one trial was used. Step vari-
ability measures were determined from inter-individual
variations, expressed as SD, between strides and trials.
Step length was normalized by dividing the subject’s
step length by their leg length, thus controlling for
differences in limb length. In addition, clinically im-
portant joint angular time profiles of the hip, knee,
ankle and foot in the sagittal, frontal and transversal
plane were observed. At last, to make sure that the
constraint fixated the trunk properly, range of motion
(RoM) of the thorax and pelvis was calculated in all
three planes. The difference between the maximum
and minimum angles during stance and swing phase
was defined as RoM.

Measurements and data calculations

For each subject, body mass, height, leg length
(right leg) and joint width were collected according to
standard procedures of the Plug-In-Gait model [20].
Markers were attached at anatomical landmarks ac-
cording to the same procedures [20]. However, when
participants were asked to wear the trunk constraint,
sternum and both the left and right spina iliaca ante-
rior superior were no longer visible. Hence, measure-
ments of these anatomical landmarks were carefully
taken in order to attach the markers on the trunk con-
straint at the precise location. To minimize movement

of the brace and thus of reflective markers, four dif-
ferent sizes of constraints were available to assure
a perfect fit (small, medium, large and extra-large).
Reflective markers were tracked and labelled using the
Vicon Nexus 1.8.5 software. Trajectories were filtered
(low pass zero phase shift 4th order Butterworth filter,
cut-off frequency 6 Hz.) and the Vicon Plug-In Gait
model® was used. Based on the heel marker trajec-
tories and force plate recordings, events of foot
strike and foot off were determined. Once all markers
were visible for at least three consecutive strides, tri-
als were further processed. The .c3d files obtained in
Vicon Nexus 1.8.5 were exported to a custom made
MATLAB® (R2015a for Windows, ©The MathWorks,
Inc., Natick, USA) model to calculate the variables of
interest. STP were calculated based on the left and
right ankle marker trajectories and generated with the
“Gait Cycle Parameters Pipeline Operation” of the
Vicon Nexus software.

Fig. 1. Trunk constraint

Statistical analysis

Statistical analysis was performed using SPSS ver-
sion 24" for Windows (©IBM Corporations, New
York, USA). Descriptive statistics were performed to
characterize the study sample and the Shapiro—Wilk
test was performed to test for normality of distribution.
A student r-test was used to compare left and right
STP, differences between the two conditions, and to
confirm whether the trunk constraint was fixated
properly. At last, joint angular time profiles were as-
sessed across the entire gait cycle using spmld, paired
t-test. This technique not only detects changes in con-
tinuous data sets, but also conducts statistical hy-
pothesis testing in a continuous manner, directly on
the original curves. Spmld has been thoroughly de-
scribed by Pataky et al. [21], [22]. Significance level
was set at p < 0.05.
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3. Results

Descriptive characteristics

Eight healthy men and six healthy female volun-
teers were included in this study (Table 1). Mean age
was 39 years (SD 14 years), six individuals were aged
between 20 and 30 years, four subjects were aged
between 40 and 50 years, and four were over the age
of 50 years. Since no significant differences were
found between left and right STP in the no constraint
condition (P > 0.05), only parameters of the right
stride were further analysed.

Table 1. Characteristics of the participants

N Range Mean SD

Body Height [mm] 14 1605-1855 1754.64 | 75.25

Body Mass [kg] 14 | 57.30-94.50 76.91 12.05
Leg Length [m] 14 0.83-0.97 0.96 0.04
Age [years] 14 21-57 39.35 14.23

Gender 14 6F/8M

F — female, M — male, SD — standard deviations.

Trunk motion

RoM of the thorax significantly differed in the
sagittal plane. Anteroposterior movements were de-
creased when wearing a trunk restraint (P = 0.014).
RoM of the pelvis significantly decreased In all three
planes when wearing the constraint (P < 0.05). This
suggests that the TLSO was successful in fixating the
trunk.

Spatiotemporal parameters

Significant differences between the two conditions
were found. Wearing the TLSO resulted in decreased
stride (P = 0.04) and step time (P = 0.013), increased
step width (P = 0.002) and higher cadence (P = 0.004)
(Table 2). No significant differences were observed in
the variability measures.

Joint Angular Time Profiles

Joint angular time profiles of the hip, knee, ankle
and foot are shown in Fig. 2. In the sagittal plane, no
significant differences were observed regarding joint
kinematics in the hip, knee and ankle over the entire
gait cycle. In the frontal plane, significant differences
in the hip were observed after contralateral (10-20%
of gait cycle) and ipsilateral (60—70% of gait cycle)
toe off, when comparing walking with and without
TLSO. Peak amplitudes decreased significantly after
contralateral (¢ = 3.007, P = 0.021) and ipsilateral toe
off (r = 3.007, P = 0.018), suggesting that there is
decreased adduction during stance and abduction
during swing. In the transverse plane, significant dif-
ferences in the hip were observed during mid and
terminal stance (20-40% of gait cycle) and during
initial and mid swing (65-87% of gait cycle), when
comparing the two walking conditions. Walking with
TLSO resulted in increased external rotation of the hip
over the entire gait cycle. However, differences were
only significant during mid-terminal stance (¢ = 3.194,
P = 0.001) and initial-mid swing (¢ = 3.194, P <
0.001). Even though the foot progression ankle did not
differ between the two conditions, significant differ-

Table 2. Comparison spatiotemporal parameters with and without constraint

Without constraint With constraint

(mean, SD) (mean, SD) p-value
Mean stride time [s] 1.096 + 0.746 1.051+£0.819 0.004**
Mean step time [s] 0.555 £0.350 0.526 £0.418 0.013*
Mean normalized stride length [m] 1.459 £0.138 1.432 £0.103 0.249
Mean normalized step length [m] 0.727 £ 0.697 0.718 £ 0.612 0.484
Mean step width [m] 0.172+0.176 0.186 +£0.217 0.002**
Mean stance [%] 61.064 £ 1.653 61.182 + 1.463 0.484
Mean gait speed [m/s] 1.219£0.139 1.237£0.133 0.550
Mean cadence [steps/min] 107.905 £ 7.762 113.262 £9.423 0.004**
Variability stride time [s] 0.023 +£0.173 0.021 £ 0.127 0.743
Variability step time [s] 0.024 £ 0.134 0.018 £ 0.089 0.156
Variability normalized stride length [m] 0.029 £ 0.295 0.036 £ 0.287 0.584
Variability normalized step length [m] 0.020£0.111 0.021 £0.121 0.869
Variability in step width [m] 0.026 + 0.140 0.026 £ 0.145 1.000
Variability stance [%] 1.644 £1.144 1.286 £ 0.876 0.357

SD — standard deviation, *p < 0.05, ** p <0.01.
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Fig. 2. Joint Angular Time Profiles

ences were found in ankle rotation during loading
response and mid stance (3-30% of the gait cycle),
mid-terminal swing (75-90% and 95-100% of gait
cycle). Walking with TLSO resulted in increased
internal rotation of the ankle during loading re-
sponse (¢ = 3.384, P < 0.0001), mid stance (¢ = 3.384,
P < 0.012), mid swing (¢ = 3.384, P = 0.001), and
terminal swing (¢ = 3.384, P =0.037).

4. Discussion

Summary of evidence

Since thorax and pelvis are the primary determi-
nants of normal and pathological walking, it is im-
portant to know how gait performance is influenced
when age-related changes at the level of the trunk
occur. Since the utilised trunk constraint was effective
in fixating the thorax and pelvis, healthy individuals
were able to walk with artificially-induced trunk stiff-
ness. Therefore, we were able to investigate the effect
of'a TLSO on gait performance in healthy adults.

The results of this study showed that the TLSO in-
duced differences in healthy adults, stride and step
time decreased by approximately 5 and 4%, and mean
step width and cadence increased by 8% and 5%, re-

spectively. These changes are solely due to stiffening
of the trunk, yet aging coincides with several other
processes (e.g., cognitive decline, muscle weakness,
etc.) influencing gait performance. Therefore, 4 to 8%
of the changes seen in gait performance of the elderly
are caused by the age-related changes in trunk move-
ments. In addition, if there are already significant
differences in a healthy population, one must consider
the fact that when the trunk is severely impaired, e.g.,
in stroke and Parkinson’s disease, greater changes will
be observed in gait performance. For example, pa-
tients with both Parkinson’s disease and low back pain
show changes in trunk coordination and decreased
antiphase rotation in the trunk [23], [24]. Moreover,
patients suffering from stroke walk with decreased
antiphase rotation and enhanced trunk motion in the
lateral and sagittal plane [25]. In this study, induced
changes in trunk motion, when comparing walking with
or without constraint, ranged from 2 to 66%. On the
other hand, changes over 66% are seen in trunk mo-
tion after a stroke, compared to healthy individuals
[25]. One can only assume that greater impairments
in the trunk could lead to clinically important changes
in gait performance. However, as the trunk impair-
ments seen in these patient population do not solely
result from trunk stiffening, impaired neuromuscular
control will be an important predictor which also has
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a direct effect on gait performance. Further research is
necessary to examine the influence of trunk impair-
ments on gait performance in these patient popula-
tions.

Counter rotations of the pelvis and trunk during
normal walking result in the control of total body
angular momentum and improved movement effi-
ciency [3], [4]. As a result, walking with a trunk con-
straint might result in a decreased movement effi-
ciency and a greater total body angular momentum
[26]. This momentum is created when trunk and pel-
vic segment move, more or less, in the same direction
[26]. The increased total body angular momentum
might result in a faster lower limb propulsion, and
therefore decreasing step and stride time. Of course,
by reducing step and stride time, subjects are able to
take more steps over a fixed period of time, which
results in a higher cadence. Under other conditions,
the decline in movement efficiency during constraint
walking expressed itself as a decrease in postural
control which was compensated by increased step
width. The first prerequisite of gait described by Perry
[27] is “stability during stance”, which is the ability to
maintain the centre of mass inside the base of support
and provide sufficient balance. People are constantly
altering the position of the trunk to stay balanced over
the base of support. The inability to correct the trunk’s
position might lead to a compensatory strategy in
which an enlarged base of support is created. This
compensatory strategy is characterised by increasing
step width which might ensure that the centre of mass
is located inside the base of support. Nevertheless, it
was quite surprising that no differences were observed
in stride or step length since there is a strong relation
between pelvic rotations and step length. Literature
has introduced the concept “pelvic step” which de-
scribes that horizontal pelvic rotations contribute to
step length from a certain walking speed [28]. A more
recent study concluded that the contribution of pelvic
rotations to step length are rather small, maximally
3% [29]. Liang et al. [29] suggest that the pelvic step
only contributes to step length when walking more in-
phase and with a walking speed above 0.83 m/s, both
requirements are met in our study. So, we expected
that the concept of the pelvic step would apply here.
Two reasons can explain why no differences were
observed: 1) The limited amount of fixation of the
pelvis, a decrease in transverse RoM was only 29%,
which might be too small to induce differences in step
length; or 2) Step length is initially created by hip
extension, since no changes in RoM were seen in this
joint, there was no need for a compensatory strategy
as “pelvic step”.

Another important finding is that significant differ-
ences were seen in frontal and transversal kinematics of
the hip. Wearing the constraint resulted in decreased
frontal range of motion and increased external rotation
of the hips. Increased step width mostly coincided with
decreased adduction of the hips during stance. Partici-
pants walked with more external rotation, however, the
foot progression angle did not differ in the two condi-
tions. The lack of toeing-out was compensated by in-
creased internal rotation of the ankle when wearing the
constraint. This suggests that the trunk is not a passen-
ger which is carried by the lower limbs, but an impor-
tant segment actively contributing to gait. Impairments
solely located at the level of trunk can already bring
forth significant changes in gait performance.

Although this study concludes that there is an im-
portant relationship between trunk and gait perform-
ance, further research is necessary to examine the
type, direction and magnitude of this relationship. By
doing this, selecting specific gait parameters might
predict the involvement of trunk impairments or vice
versa. However, to fully understand this relationship,
it is important to investigate the influence of trunk
impairments on gait performance in several patient
populations facing these kind of impairments.

There are some important limitations to consider.
First, the sample size may have been too small, and
further larger studies are required to confirm these
results. Second, since smpld is a fairly new statistical
tool to examine a continuous dataset, analyses are still
under development and should be interpreted with
caution. Yet, resulting errors are expected to be small
[24], [25]. Third, when the trunk constraint was worn,
markers were placed onto the constraint. Although,
several constraints were present to ensure a good fit,
a small standardized measurement error might be pre-
sent in all individuals at the level of the trunk.

5. Conclusions

The use of TLSO in healthy adults resulted in a de-
creased stride and step time, and increased step width
and cadence, suggesting an important relationship be-
tween trunk and gait performance. Age-related changes,
such as increased trunk stiffness which are solely lo-
cated at the level of trunk, can already bring forth sig-
nificant changes in gait performance. To fully under-
stand this relationship, future research should investigate
how actual trunk impairments influence gait perform-
ance and if some gait deviations are distinctive for spe-
cific trunk deficits in specific patient populations.
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Clinical relevance

Wearing a TLSO changed locomotion in healthy
adults, suggesting the importance of trunk movements
during walking. Trunk movements are responsible for
4-8% of the variations in spatiotemporal parameters
and for kinematic changes in the frontal and transver-
sal plane. Therefore, trunk motion should be incorpo-
rated in traditional gait assessment.
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