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Abstract—Spinal orthoses are common in the treatment of vari-
ous conditions that affect the spine. They encompass both the
spine and pelvis and thus have implications for pelvic and lower-
limb motion during walking in addition to a direct effect on spi-
nal motion. The role of the spine in walking is largely ill-defined,
and the consequences of restricted spinal motion on walking
have yet to be explored. This study investigated the effect of spi-
nal restriction on gait in able-bodied persons. Gait analyses were
performed on 10 able-bodied subjects as they walked at five dif-
ferent speeds that were distributed across their comfortable range
of speeds. Data were collected during walking with and without
spinal restriction by a fiberglass body jacket, which is similar to
a thoracolumbosacral orthosis (TLSO). With spinal restriction,
peak-to-peak (PP) pelvic obliquity and rotation were signifi-
cantly reduced across all walking speeds (p < 0.001), while PP
pelvic tilt was significantly reduced at only the fastest walking
speeds (p = 0.017). PP hip abduction-adduction motion was sig-
nificantly reduced with spinal restriction across all speeds (p <
0.001), while PP hip flexion-extension significantly increased at
only the slow and very slow speeds (p < 0.001 and p = 0.023,
respectively). A better understanding of the effects of restricted
spinal motion on gait may help clinicians predict and avoid
development of additional problems from TLSO use or surgical
restriction of spinal motion. An awareness of these issues will
enable clinicians to monitor patients for problems that may result
from decreased spine and pelvic motion.

Key words: braces, gait, immobilization, locomotion, orthotic
devices, spinal curvature, spinal diseases, spinal fusion, spine,
walking.

INTRODUCTION

Spinal motion is believed to play a significant role in
maintaining upright posture and balance [1–3] and reduc-
ing shock transmission to the head during gait [4]. When
spinal deformities impede the spine’s ability to compen-
sate for postural changes, trunk imbalance may occur
with clinically observable gait deviations. If a deformity
exceeds the spine’s compensatory abilities, then stabiliza-
tion, pain relief, and/or correction of spinal deformity
may be provided by spinal orthoses, such as a thora-
columbosacral orthosis (TLSO), or surgical instrumenta-
tion. Both of these treatment modalities alter alignment
and restrict spinal movement.

Spinal orthoses are commonly used in the treatment
of various conditions that affect the spine. The objectives
of spinal orthoses include control of pain, protection

Abbreviations: ANOVA = analysis of variance, ASIS = anterior
superior iliac spine, L = lumbar, MAC = Motion Analysis Corpora-
tion, PP = peak-to-peak, ROM = range of motion, S = sacral, SD =
standard deviation, TLSO = thoracolumbosacral orthosis, VAC-
MARL = Department of Veterans Affairs Chicago Motion Analysis
Research Laboratory, VGRF = vertical ground reaction force.
*Address correspondence to Regina Konz, MS; Northwest-
ern University Prosthetics Research Laboratory and Reha-
bilitation Engineering Research Program, 345 East Superior
Street, RIC 1441, Chicago, IL 60611; 312-238-6500; fax: 312-
238-6510. Email: r-konz@northwestern.edu
DOI: 10.1682/JRRD.2004.11.0146
161



162

JRRD, Volume 43, Number 2, 2006
against further injury, assistance for muscle weakness,
prevention and/or correction of further deformity, and
service as a kinesthetic reminder. Spinal orthoses achieve
these objectives primarily by restricting movement of the
spine. However, spinal orthoses such as TLSOs encom-
pass both the spine and the pelvis and thus have implica-
tions for pelvic and lower-limb motion during walking in
addition to a direct effect on spinal motion.

Past studies have examined the effects of spinal
orthoses on intervertebral motion [5–7], gross spinal
motion [8], and restriction of the spine in positions of
maximal trunk flexion-extension-rotation [6–10]. Associa-
tion of results from these evaluations to the spinal motions
that occur during walking is difficult. Waters and Morris
measured the effect of orthoses (chairback orthosis and
lumbo-sacral corset) on electromyographic activity of the
trunk muscles during level walking at different speeds [11].
They found that the corset had little or no effect, while the
chairback orthosis increased electromyographic activity of
back muscles at fast walking speeds. Nachemson and Elf-
strom studied the effect of orthoses (Milwaukee and body
cast) on the loads borne by spinal instrumentation (Har-
rington rods monitored with strain gauges) during supine,
sitting, and standing positions and during level walking
[12]. Both the Milwaukee orthosis and body cast were
found to reduce axial force during relaxed standing and
level walking but not in supine or sitting positions. To our
knowledge, the effects of spinal orthoses on lower-limb
kinematics, pelvic motion, and kinetics during walking
have not been previously investigated.

Spinal orthoses should provide spinal stability, pain
relief, and normal spinal alignment and balance. An
orthosis such as a TLSO, which encompasses the spine as
well as the pelvis, has implications for alteration of spinal
and pelvic motions. While spinal orthoses may be neces-
sary for the treatment of a given spinal pathology, their
use may have consequences for gait of which clinicians
should be aware when prescribing and fitting these
devices. This study investigated the effect of spinal
restriction on gait in able-bodied persons wearing a fiber-
glass body jacket similar to a TLSO.

We hypothesized that in an otherwise able-bodied
person, restriction of spinal motion will result in devia-
tions from “normal” gait patterns in the lower limbs and
pelvis. These deviations may occur because of the adop-
tion of compensatory maneuvers or because of coupling
between the spine and pelvis and the pelvis and lower
limbs. In particular, we believe that since the body jacket

encompasses the pelvis as well as the spine, pelvic rota-
tion in all three planes may be altered when a person
walks with a restricted spine. These alterations could
potentially decrease step length and cadence and thereby
affect walking speed. As previously described, spinal
motion is believed to play a significant role in maintain-
ing one’s balance [1–3]. We hypothesized that subjects
will walk slower and increase their base of support (i.e.,
increase step width) with spinal restriction, since the con-
tribution of spinal motion to maintaining balance will be
limited by the body jacket.

Pelvic obliquity and knee flexion during stance have
been identified as mechanisms that attenuate shock
forces during able-bodied gait [13–14]. Thus, limiting the
“normal” motions of the spinal joints and pelvis may
directly affect these motions, which may reduce the
body’s ability to attenuate shock forces. Furthermore, the
first peak in the magnitude of the vertical ground reaction
force (VGRF) indicates vertical deceleration of the body
center of mass and is thought to reflect changes in system
compliance associated with shock absorption [15].
Therefore, we postulate that the magnitude of the first
peak of the VGRF may increase with spinal restriction
during walking because of a potential reduction in shock-
absorption ability.

METHODS

This study was approved by the Northwestern Uni-
versity Institutional Review Board. Ten able-bodied per-
sons (five females and five males) ranging in age from 23
to 37 years (mean ± standard deviation [SD] = 27 ± 4
years) were enrolled. Subjects ranged in height from 160
to 180 cm (mean ± SD = 171 ± 6 cm) and in mass from
54.0 to 97.3 kg (mean ± SD = 72 ± 12 kg). Information
about the research subjects is summarized in Table 1.
After the experimental protocol was explained to each
research subject, we obtained their informed consent. We
clinically assessed subjects to ensure that they were
“able-bodied” and excluded them if they were found to
have a severe leg-length discrepancy, hip-flexion con-
tracture, or history of scoliosis or other spinal anomaly.

The protocol consisted of two successive gait analy-
ses. The first analysis examined each subject’s conven-
tional, unrestricted gait. The second analysis examined
each subject’s gait with the spine restricted by a fiber-
glass body jacket. During the gait analyses, subjects wore
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shorts and standardized gym shoes for uniformity in foot-
wear. Retroreflective markers were applied directly to the
skin with double-sided hypoallergenic tape. The marker
set that was used consisted of a modified Helen Hayes
arrangement [16] (Figure 1). We used these markers to
create a link-segment model of the lower body, which
enabled calculation of the kinematic data.

A qualified orthotist custom-formed a fiberglass body
jacket to each subject. While the subject stood in a neutral,
self-selected position, fiberglass tape was applied circum-
ferentially to his or her torso so that the tape was four lay-
ers thick (approximately 4 to 5 mm) throughout. The body
jacket was intimately molded over each subject’s iliac
crests and waist as a way of anchoring the orthosis and
minimizing vertical migration on the trunk. The anterior,
inferior trimline was located proximal to the inguinal fold,
allowing the subject to flex the hip to 90°. The posterior,
inferior trimline was located proximal to the sacro-
coccygeal junction and the posterior, superior trimline was
located at the level of the inferior border of the axilla. The
subject’s “normal” postural alignment was not intention-
ally modified. The customized body jacket was removed
from the subject by a posterior longitudinal cut along the
axis of the spine and was further modified with holes (40
mm in diameter) through which the anterior superior iliac
spine (ASIS) markers would protrude. Additionally, a pos-
terior opening—typically used clinically—of 2.5 cm on
either side of the spinous processes was cut to allow don-
ning and doffing and to allow the sacral marker to remain
in place between test conditions. Both gait evaluations
were performed without alteration of any marker positions
between the two data collection sessions. The posterior

opening was cinched by Velcro™ fabric hook-and-loop
straps for a snug fit during gait. While the rigidity of this
fixation was not directly quantified, routine clinical fitting
procedures were used for assurance of a uniform snug fit.
This orthotic design allowed for fabrication of a reason-
ably rigid customized body jacket at minimal expense and
in a relatively short time periods, which enabled us to per-
form the unrestricted and restricted gait analyses in one
testing session without moving any markers between con-
ditions. The same orthotist finished fabricating the fiber-
glass body jacket by smoothing the edges, cutting holes,
and attaching posterior straps while normal (unrestricted)
gait data were collected from the subjects.

Data Collection and Processing
All motion data were collected in the Department of

Veterans Affairs Chicago Motion Analysis Research Labo-
ratory (VACMARL) (Chicago, Illinois), which was

Table 1.
Subject data.

Subject Sex Age
(yr)

Height
(cm)

Mass
(kg)

1 F 26 161.5 60.5
2 F 24 166.5 75.3
3 F 29 169.0 68.5
4 F 24 170.0 54.0
5 F 24 160.0 65.3
6 M 23 179.8 82.5
7 M 37 178.3 82.4
8 M 30 172.0 72.0
9 M 25 173.0 61.5

10 M 29 177.0 97.3
Mean ± SD — 27.1 ± 4.3 170.7 ± 6.4 71.9 ± 12.2
F = female, M = male, SD = standard deviation.

Figure 1.
(a) Anterior view of subject wearing customized fiberglass body jacket
and retroreflective gait markers. Anterior pelvic markers were placed
directly on skin over anterior superior iliac spines and protruded
through holes in body jacket. (b) Posterior view. Posterior marker
placed directly on body jacket was used for differentiating right and
left sides of body and was not actually used for calculating kinematics.
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equipped with an eight-camera, Eagle Digital Real-Time
motion-measurement system (Motion Analysis Corpora-
tion [MAC], Santa Rosa, California). We used this system
to determine the instantaneous positions of the retroreflec-
tive markers on the body. We collected ground reaction
force data simultaneously using six force platforms
(Advanced Mechanical Technology, Inc, Watertown, Mas-
sachusetts) embedded flush with the walkway. Kinematic
and kinetic data were acquired at 120 Hz and 960 Hz,
respectively. We used OrthoTrak software (MAC, Santa
Rosa, California) to process the data. The subjects were
asked to walk a minimum of five trials at each of five dif-
ferent self-selected walking speeds that were distributed
across their comfortable range of speeds (normal, slow,
very slow, fast, and very fast).

Following the first gait analysis, subjects donned the
body jacket and we reevaluated their gait using the same
protocol that was used for the unrestricted gait analysis.
We fitted the body jacket to the subject without removing
any markers and secured it with the posterior Velcro™
straps to ensure a snug fit. Data from the first gait analysis

(unrestricted spinal motion) were analyzed and compared
with the second gait analysis (restricted spinal motion).

Data Analysis
Temporospatial, kinematic, and kinetic data from the

two gait analyses were compared at five self-selected walk-
ing speeds (normal, slow, very slow, fast, and very fast). Our
goal was to record the patterns of motion across the sub-
ject’s range of comfortable walking speeds and thereby ana-
lyze changes in gait parameters that vary as a function of
speed. Three walking trials from each of the five self-
selected walking speeds were chosen for analysis based on
completeness of data; trials that had clean foot strikes on the
force platforms as well as complete marker data were cho-
sen. We averaged data from the three trials within each
speed category to obtain a mean value for every subject for
the parameters of interest (Table 2). These parameters were
speed, step length, cadence, step width, single support time,
double support time, pelvic obliquity, pelvic rotation, pelvic
tilt, hip flexion-extension, hip abduction-adduction, hip
rotation, knee flexion-extension during swing phase of the
gait cycle, knee flexion-extension during stance phase, knee

Table 2.
Data (mean ± standard deviation) from analyses of unrestricted (U) versus restricted (R) gait in 10 able-bodied subjects.

Parameter
Very Slow Slow Normal Fast Very Fast

U R U R U R U R U R
Velocity (m/s) 0.77 ± 0.20 0.86 ± 0.25 1.01 ± 0.17 1.12 ± 0.24 1.38 ± 0.15 1.36 ± 0.33 1.57 ± 0.17 1.53 ± 0.39 1.98 ± 0.18 1.88 ± 0.18
Step Length (cm) 53.8 ± 8.5 53.6 ± 7.6 61.1 ± 6.8 61.1 ± 5.3 70.9 ± 4.5 68.7 ± 5.0 77.7 ± 5.5 76.9 ± 5.8 87.1 ± 6.7 84.3 ± 5.3
Cadence (steps/min)* 85.2 ± 11.5 90.0 ± 10.1 99.2 ± 9.0 102.7 ± 7.3 115.8 ± 8.2 117.3 ± 6.3 121.5 ± 8.1 124.9 ± 7.6 135.9 ± 6.5 139.7 ± 7.7
Step Width (cm) 13.0 ± 2.4 12.8 ± 2.9 12.3 ± 2.0 12.8 ± 2.5 12.5 ± 2.4 12.6 ± 2.1 11.9 ± 2.0 12.2 ± 1.9 13.2 ± 2.5 12.6 ± 2.1
Single Support Time (%) 65.6 ± 2.3 65.2 ± 1.6 63.3 ± 1.5 63.4 ± 1.4 60.9 ± 1.3 61.1 ± 1.6 59.2 ± 1.1 59.3 ± 1.6 58.2 ± 1.0 58.2 ± 1.6
Double Support Time (%) 15.5 ± 2.3 15.2 ± 1.8 13.3 ± 1.5 13.1 ± 1.5 11.7 ± 1.9 11.2 ± 1.0 9.1 ± 1.2 8.7 ± 1.7 7.1 ± 1.1 7.6 ± 1.1
Pelvic Obliquity (°)* 7.3 ± 2.6 3.3 ± 1.5 7.6 ± 3.3 3.2 ± 1.3 9.0 ± 3.5 3.5 ± 1.8 9.2 ± 3.6 2.60 ± 0.69 11.1 ± 3.5 3.8 ± 1.7
Pelvic Rotation (°)* 8.2 ± 2.0 7.3 ± 2.1 7.8 ± 2.4 6.7 ± 1.8 9.8 ± 2.8 7.8 ± 2.0 10.1 ± 2.6 7.4 ± 2.3 12.6 ± 3.0 9.2 ± 2.5
Pelvic Tilt (°)† 2.0 ± 0.4 2.0 ± 0.5 2.0 ± 0.5 2.0 ± 0.5 2.3 ± 0.8 2.1 ± 0.7 2.2 ± 0.8 1.8 ± 0.5 2.9 ± 1.1 2.0 ± 0.6
Hip Flex-Ext (°)‡ 36.2 ± 4.8 38.0 ± 5.9 39.4 ± 4.6 41.4 ± 4.9 45.6 ± 6.0 45.1 ± 5.0 49.3 ± 5.9 49.9 ± 5.8 55.4 ± 6.1 54.2 ± 5.4
Hip Ab-Adduction (°)* 10.3 ± 3.1 7.3 ± 2.1 11.0 ± 3.3 7.7 ± 2.1 12.6 ± 3.0 8.2 ± 2.2 13.8 ± 3.5 8.9 ± 2.3 15.8 ± 3.0 9.7 ± 2.4
Hip Rotation (°) 15.6 ± 4.4 17.2 ± 4.0 15.9 ± 4.7 17.8 ± 4.7 16.4 ± 6.6 17.0 ± 5.2 16.6 ± 5.8 17.0 ± 4.9 16.5 ± 4.8 16.9 ± 3.7
Knee Flex-Ext Swing (°) 59.6 ± 6.7 61.9 ± 7.0 63.4 ± 6.2 65.5 ± 5.6 65.7 ± 4.9 66.9 ± 4.0 66.3 ± 5.0 67.4 ± 4.0 68.2 ± 5.5 68.1 ± 5.5
Knee Flex-Ext Stance (°) 14.2 ± 3.9 16.0 ± 3.7 16.6 ± 4.1 18.4 ± 3.9 22.7 ± 5.3 22.9 ± 4.3 26.0 ± 5.1 27.1 ± 5.5 30.6 ± 6.2 31.3 ± 5.8
Knee Rotation (°) 19.1 ± 3.6 17.9 ± 4.5 19.1 ± 3.6 19.4 ± 5.3 19.8 ± 4.1 19.7 ± 3.8 21.6 ± 3.3 21.1 ± 3.8 23.3 ± 3.5 22.1 ± 3.6
Ankle Flex-Ext (°) 25.8 ± 4.8 25.5 ± 5.2 27.6 ± 4.4 28.6 ± 5.2 29.7 ± 4.4 29.8 ± 4.2 30.6 ± 4.1 31.2 ± 4.6 31.3 ± 4.4 31.2 ± 5.0
Ankle Rotation (°) 16.5 ± 4.6 16.4 ± 4.7 17.2 ± 4.6 18.6 ± 5.2 19.3 ± 5.0 18.9 ± 4.4 20.8 ± 5.8 21.6 ± 5.6 21.4 ± 6.1 21.5 ± 5.9
VGRF (% BW) 1.01 ± 0.02 1.02 ± 0.02 1.03 ± 0.04 1.05 ± 0.04 1.18 ± 0.07 1.17 ± 0.06 1.26 ± 0.10 1.27 ± 0.09 1.46 ± 0.09 1.45 ± 0.08
*Significant at p < 0.05 across all walking speeds.
†Significant at p < 0.05 at the very fast walking speed.
‡Significant at p < 0.05 at the slow and very slow walking speeds.
Ab-adduction = abduction-adduction, BW = body weight, Ext = extension, Flex = flexion, R = restricted, U = unrestricted, VGRF = vertical ground reaction force

(first peak in magnitude of).
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rotation, ankle dorsiflexion-plantar flexion, ankle rotation,
and the magnitude of the first peak in the VGRF. We used
Shapiro-Wilk’s normality test to ensure that the data were
normally distributed [17]. We performed the same statistical
analyses on all variables using a 5 × 2 two-way repeated
measures analysis of variance (ANOVA) to compare data
sets for five freely selected walking speeds (normal, slow,
very slow, fast, and very fast) for the two spine-motion con-
ditions (unrestricted and restricted) and for the interaction
between speed and the spine-motion conditions. When inter-
action effects were significant at p < 0.05, post hoc pairwise
comparisons were made between unrestricted and restricted
spinal conditions at each speed with the use of Bonferroni
adjustments for multiple comparisons. We adjusted t-values
using Statistical Package for the Social Sciences (SPSS®)
11.0 software (SPSS, Inc, Chicago, Illinois) to reflect the
Bonferroni correction; therefore, the p-value for the adjusted
t-value is compared with 0.05.

RESULTS

In this study, a 5 × 2 two-way repeated measures
ANOVA was used for analysis of the 18 parameters across
five self-selected walking speeds (normal, slow, very slow,
fast, and very fast). For 12 of these parameters, restricted
walking was not significantly different from unrestricted
walking at p < 0.05 (i.e., no significant main effects) and
no significant interactions were found (Table 2). Since no
main effects or interactions were significant, nothing more
is reported for these parameters.

Pelvic obliquity range of motion (ROM) and hip
abduction-adduction ROM showed significant main effects
for restricted versus unrestricted walking (p < 0.001), as
well as significant interactions (p < 0.001). Moreover, post
hoc pairwise comparisons indicated significant differences
for restricted versus unrestricted walking at each walking
speed. For pelvic tilt ROM and hip flexion-extension ROM
only significant interactions were observed (p = 0.033 and
p = 0.013, respectively) and post hoc pairwise comparisons
were performed. Cadence and pelvic rotation ROM showed
significant main effects for restriction (p = 0.024 and p <
0.001, respectively) but interactions were not significant.
Results are summarized in Table 2.

Peak-to-peak (PP) pelvic rotation and obliquity
motions were significantly reduced (p < 0.001) at all walk-
ing speeds when subjects walked with the body jacket
(Figure 2(a) and 2(b)). Reduced PP pelvic tilt was also

observed with spinal restriction across all walking speeds
(Figure 2(c)) but was only significant at the fastest walk-
ing speeds (p = 0.017). Figure 3 depicts one subject’s typi-
cal pelvic-motion curves with and without spinal
restriction at the self-selected normal walking speed.

Figure 2.
(a) Peak-to-peak pelvic rotation (transverse plane), (b) pelvic
obliquity (coronal plane), and (c) pelvic tilt (sagittal plane) for all
subjects at all speeds with and without spinal restriction. Linear best-
fit lines are shown for clarification of trends.
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No significant differences were observed in walking
speeds between unrestricted and restricted spine conditions.
However, analysis of the temporospatial parameters
revealed that cadence, relative to each walking speed, was
higher in the restricted condition than in the unrestricted
condition (p = 0.024; Figure 4). While we observed a trend
toward shorter step length with spinal restriction, step
length did not significantly differ between the restricted and
unrestricted conditions. Differences in step width were not
significant, although larger step widths were observed at
slower speeds in more than one-half of the subjects when
walking with the body jacket. Additionally, no significant
differences were found in single or double support times as
a percentage of the gait cycle.

PP hip flexion-extension motion increased signifi-
cantly with spinal restriction at the slow and very slow
walking speeds (p < 0.001 and p = 0.023, respectively).
No significant differences were observed in PP knee or
ankle sagittal plane motions between conditions,
although a slight trend toward an increase in PP knee
flexion during stance was observed across a range of self-
selected walking speeds in the restricted condition. This
same trend was also seen in PP swing-phase knee flexion
at speeds below 1.8 m/s. PP hip abduction-adduction
motion was significantly reduced with spinal restriction

across all speeds (p < 0.001; Figure 5). In the transverse
plane, PP hip, knee, and ankle-joint rotations did not sig-
nificantly differ between conditions. The magnitude of
the first peak of the VGRF was unaffected by the body
jacket and no significant differences were observed.

DISCUSSION

This study investigated the effect of spinal restriction
on gait in able-bodied persons wearing a fiberglass body
jacket. TLSOs that encompass the spine and the pelvis are
designed to correct spinal alignment and/or provide stabil-
ity, which involve restriction of spinal and pelvic motions.
Consequently, spinal restriction with a TLSO may affect
the contribution of spinal and pelvic motions to walking.

The results of this study demonstrated that when spi-
nal motion was restricted, PP pelvic obliquity and rotation
were significantly reduced across all walking speeds,
while PP pelvic tilt was significantly reduced at only the
fastest walking speeds. PP hip abduction-adduction ROM
also significantly decreased during walking with spinal
restriction. This reduction may have been directly associ-
ated with the reduction in PP pelvic obliquity since this
measure represents relative coronal plane motion between
the thigh and pelvis segments. No significant differences
were observed in transverse-plane motions of the lower-
limb joints. However, PP hip flexion-extension signifi-
cantly increased at the slow and slowest walking speeds,

Figure 3.
One subject’s typical pelvic motion curves for one walking trial at a
self-selected normal speed, unrestricted (dashed line, 1.34 m/s) and
restricted (solid line, 1.45 m/s). RIC = right initial contact, LTO = left
toe off, LIC = left initial contact, RTO = right toe off.

Figure 4.
Differences in mean group cadence (restricted vs unrestricted motion)
and standard error of mean differences for each walking speed
category for 10 able-bodied subjects.
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which possibly compensated for the loss in pelvic rotation
that occurred with restriction. Interestingly, an offset in
anterior pelvic tilt was noted for all subjects across all
walking speeds with spinal restriction. This offset, seen in
the restricted pelvic tilt curve (Figure 3), may have been
unintentionally induced by the contouring of the body
jacket over the iliac crests during casting of subjects in a
standing position.

Walking speed and step length were expected to
decrease significantly with spinal restriction, while
cadence was expected to remain unchanged. However,
these results were not observed. Cadence significantly
increased with spinal restriction, while the other two tem-
porospatial parameters were not significantly affected.
Although not statistically significant, a trend toward
shorter step lengths was observed in all individuals with
spinal restriction and the significant reduction in PP pel-
vic rotation in the transverse plane possible explains this
trend. The increased cadences may explain why walking
speeds did not change significantly between conditions.

Step width was expected to increase to maintain ade-
quate balance while subjects walked with a restricted
spine. This result was not observed, which may indicate
that balance was not substantially affected by spinal
restriction during walking. Alternatively, the subjects’
ability to achieve an increase in step width may have been
limited since PP hip abduction-adduction ROM signifi-
cantly decreased with spinal restriction and was possibly

limited by the position of the lateral, inferior trimline of the
body jacket.

Pelvic obliquity has been previously identified as a
mechanism for shock attenuation during gait [13–14].
Previous research has also demonstrated that ankle plan-
tar flexion and stance-phase knee flexion during the load-
ing-response phase both decrease impact forces [13,18–
19]. We hypothesized that if pelvic obliquity were limited
with spinal restriction, larger VGRFs or compensatory
increases in sagittal plane motion at the ankle, knee, and/
or hip could occur. In this study, pelvic obliquity was
reduced across all walking speeds with spinal restriction,
which lessened the contribution of this motion to shock
absorption during walking. However, the reduction in PP
pelvic obliquity did not change the magnitude of the first
peak of the VGRF between conditions. A trend toward
increased PP stance-phase knee flexion was also
observed in subjects walking with the body jacket,
although this finding was not significant. This trend indi-
cates that, when necessary, individuals may compensate
for a loss of shock absorption associated with decreased
pelvic obliquity by increasing their knee flexion during
early stance phase. Compensation for reduced pelvic
obliquity may also be possible with increased ankle plan-
tar flexion, but this modification was not observed in this
study. Increases in PP hip flexion-extension at walking
speeds below 1.2 m/s and small increases in stance-phase
knee flexion across all walking speeds appeared to ade-
quately absorb shock forces in able-bodied subjects
because the VGRF magnitudes with and without spinal
restriction were comparable.

Conventional polymer TLSOs are designed to be worn
for relatively long time periods for correction or realign-
ment of the spine in persons with a spinal pathology. How-
ever, the time and effort required for fabrication of
polymer TLSOs were not practical for this study. There-
fore, instead of a polymer TLSO, a fiberglass body jacket
was used for restriction of spinal motion because its rigid-
ity was deemed adequate for our purposes and because it
was considered a practical alternative in terms of cost and
ease of fabrication. Using a fiberglass body jacket allowed
us to perform the unrestricted and restricted gait analyses
in one testing session without moving any retroreflective
skin-mounted markers between test conditions.

Some studies have indicated that spinal orthoses incom-
pletely immobilize the lumbosacral junction. Miller et al.
measured lumbosacral motion in and out of orthoses (lum-
bosacral corset, Jewett extension orthosis, and plastic TLSO)
by using lateral flexion and extension roentgenograms in

Figure 5.
Peak-to-peak hip abduction-adduction motion for 10 able-bodied
subjects walking at a range of self-selected walking speeds with and
without spinal restriction. Linear best-fit lines are shown for clarification
of trends.
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healthy individuals and in patients with spondylolisthesis
[20]. For both subject groups, they reported a significant
decrease in motion at the third to fourth lumbar (L3–L4) and
L4–L5 spinal levels with the use of the Jewett orthosis and
plastic TLSO (p < 0.01) but not at the L5 to first sacral (L5–
S1) spinal level. While our study did not look at spinal
motion, the significantly reduced pelvic motions during
walking with the body jacket suggest that more substantial
restriction was achieved at the lumbo-sacral junction than
was observed by Miller et al. [20]. This restriction may have
resulted from the customization of the body jackets to each
individual, the conformity of the orthosis over the iliac crests
and waist, or the inferior trimline used. A tenet of orthotic
clinical practice is that customized orthoses more effectively
limit or control motion than prefabricated or off-the-shelf
orthoses because better conformity of the orthosis to the
patient may be achieved. Since this study did not involve
intentional realignment of the spine or rectification of a posi-
tive plaster model, pelvic motion may not have been reduced
as substantially as with a polymer TLSO vacuum-formed
over a rectified model. With more substantial rectification
over the iliac crests, waist, and abdomen and with better con-
trol of spinal alignment, pelvic motion during walking may
be further reduced and the consequences for lower-limb
kinematics and gait may be more substantial.

This study demonstrated that in able-bodied subjects,
restriction of the spine with a customized fiberglass body
jacket did have some effects on gait, particularly with
regard to pelvic and hip ROM. While young, healthy,
able-bodied subjects seemed to easily compensate for
these effects, the clinical implications are that wearing a
TLSO may have undesirable gait consequences in certain
patient populations. For example, the increased hip flex-
ion that was observed in response to diminished pelvic
obliquity may be undesirable for patients with pathologi-
cal conditions of the hip, such as osteoarthritis and/or
weak hip musculature. While short-term effects may be
minor, such as mild changes from “normal” gait, long-
term effects may be more severe. Accelerated degenera-
tive joint changes may result from compensatory motions
and increased loading, both of which could potentially
lead to pain and greater deviations from a normal gait
pattern, although no data suggest that changes in gait rep-
resent a significant problem in people with limited spinal
motion. Additionally, if lower-limb compensations are
not possible or not of a sufficient magnitude for adequate
shock attenuation, impact forces may increase and be
transmitted to the spine and head. In persons who suffer

from intervertebral disc degeneration, this may be of con-
siderable concern. The patient may experience increased
discomfort or pain, and shock forces that are felt at the
head may affect vision and balance. A better understand-
ing of the potential effects of spinal restriction on gait
may help clinicians predict and avoid the development of
additional problems that could result from restricting spi-
nal motion with an orthosis. At the very least, an aware-
ness of these issues will enable clinicians to monitor
patients for problems that may result from walking with
spinal orthoses.

The results of this study may also help explain why
surgical fusions of the spine often lead to gait changes in
patients with spinal pathologies such as scoliosis and lum-
bar flat back [21–22]. When the instrumentation for spinal
fusion is anchored in the sacrum, it may have similar
effects on pelvic motion as those observed in this current
study of subjects walking with a restricted spine. How-
ever, the ability of people with spinal pathology to com-
pensate for reduced pelvic and spinal motion may differ
from that of the young, able-bodied subjects in this study.

This study has several limitations. The sample size was
small, which makes generalizations difficult. Additionally,
this research involved only young, healthy, able-bodied
subjects for study of restricted spinal motion during gait,
which is typically found in persons who have spinal pathol-
ogy. We used able-bodied subjects to achieve a controlled,
more uniform subject population than would be possible if
this study had included subjects with spinal pathology. As a
consequence, results at faster walking speeds in the able-
bodied subjects may not directly relate to persons with spi-
nal pathology who do not typically walk at these speeds.
However, gait data at these faster walking speeds were col-
lected because greater gait modifications are typically
observed at the fastest speeds of both able-bodied subjects
and subjects with spinal pathology compared with their
freely-selected speeds, and this more dramatically illus-
trates the gait changes that may be associated with walking
with restricted spinal motion.

The protocol described in this study may also be used
for the study of spinal kinematics. The customized body
jacket that was constructed allowed us to test multiple
conditions without moving the gait analysis markers pre-
viously placed on the skin. In this study, holes were cut in
the fiberglass body jacket over the two ASISs so that
these markers could remain attached to the skin and
protrude through the body jacket. The holes were 40 mm
in diameter and located at least 22 mm from the inferior
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trimline, depending on the particular subject’s anatomy.
We believed that, for our purposes, the holes did not com-
promise the structural integrity and rigidity of the ortho-
sis. A posterior opening, cinched by Velcro™ straps,
allowed the sacral marker to remain in place between test
conditions. The posterior opening also permits the place-
ment of additional spine markers if spinal kinematics are
included in the gait assessment [23].

CONCLUSIONS

Our results indicated that able-bodied gait was nomi-
nally affected by spinal restriction. The customized fiber-
glass body jacket used in this study significantly reduced
PP pelvic obliquity and rotation motion across all walk-
ing speeds and significantly reduced PP pelvic tilt at the
fastest self-selected walking speed. It was not surprising
that reductions in pelvic motion with spinal restriction
also significantly affected lower-limb kinematics during
gait since the pelvis forms a dynamic link between the
lower limbs and trunk. Walking with the body jacket
increased subjects’ PP hip flexion-extension motion at
the slow and very slow speeds while causing signifi-
cantly reduced hip abduction-adduction motion across all
walking speeds. No differences were observed in the
peak magnitude of the VGRF with spinal restriction.
These observations provide evidence of the able-bodied
locomotor system’s ability to adjust and adapt to reduced
spinal motion to maintain balance, achieve stability, and
possibly offset the greater shock forces that may be trans-
mitted to the head during walking with a restricted spine.
A better understanding of the effects of restricted spinal
motion on gait may help clinicians predict and avoid
additional problems that could result from TLSO use or
surgical restriction of spinal motion. An awareness of
these issues will enable clinicians to monitor patients for
problems that may result from decreased spine and pelvic
motion.
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