Journal of Human Kinetics volume 16, 2006, 39-56 39
© Editorial Committee of Journal of Human Kinetics

Spinal Segmental Movement Changes
during Treadmill Gait after Stroke

by
Malgorzata Syczewskat| Tommy Oberg?

Most studies on gait disorders have focused on the lower extremities.
However, gait is a complex activity involving the whole body, including
the spine. The aim of the present paper was to study segmental move-
ments of the spine during gait on the treadmill in stroke patients with mild
hemiparetic gait deficits. The spine movement during treadmill gait of
fifteen hemiparetic patients (7 left and 8 right sided) was investigated,
using an optoelectronic system.

Movements of seven spine segments, from C7 t0 &, were analyzed- Sub-

jects walked with their normal, self selected speed. All data was normal-
ized to per cent of the gait cycle. The patterns of the spine segment move-
ments wer e calculated in both the sagittal and frontal planes.

Three distinct subgroups were found — the first group with only one full
oscillation cycle per gait cycle in the sagittal plane, a second group with
two oscillation cycles shifted in phase, and a third group with two distinct
oscillations, but with major asymmetry in time and amplitude, with one of
the oscillations being much smaller than another one. In the frontal
plane, the first and second groups had the spine bent towards the paretic
side, but in the third group the spine was stiff with only minor bending
towards the non-paretic side.

Among patients with mildly impaired gait due to stroke, the spinal mo-
tion pattern is considerably altered in comparison to healthy subjects,
which likely impairs the biomechanical efficiency of their gait.
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I ntroduction

Stroke is considered to be one of the main causes of disability in the adult
population throughout the world. A major problem experienced by the patients
after stroke is impaired walking, with over half of the patients having problems
with independent walking (Hesse et al., 1994).

Hemiparetic gait is characterised by a marked deficit in walking speed, that
diminishes with rehabilitation (Goldie at al., 1996, von Schroeder et al., 1995),
with patients never reaching normal speed, even after many years (Turnbul and
Wall, 1995).

Additionally, hemiparetic gait is characterized by increased double support
phases, asymmetrical and reduced single support phases (Hesse et al., 1994, von
Schroeder et al., 1995, Evans et al., 1997, Kramers de Quervain et al., 1996, Ol-
ney et al., 1998), high inter-individual variation in walking speed (Goldie at al.,
1996, von Schroeder et al., 1995, Perry et al., 1995, Witte and Carlsson 1997), and
changes in ground reaction forces (Hesse et al., 1994). This gait is asymmetric
and abrupt (Hesse et al., 1994, Roth et al., 1997). One study suggested that
hemiparetic gait may become more asymmetric with time (Turnbul and Wall,
1995). Abnormal movements are present at the hip, knee, and ankle. They are
most abnormal at the hip (Kramers de Quervain et al., 1996). Abnormal motions
are also present at the pelvis, in all three planes (Kramers de Quervain et al.,
1996, Wagenaar and Beck 1992).

Stroke influences muscular activity. Ankle plantarflexion torque is reduced
on average to 50 % of the mean torque in healthy subjects (Olney et al., 1998,
Nadeau et al., 1997). There is little or no activity of the hip extensor muscles
[Kramers de Quervain et al., 1996, Nadeau et al., 1999). This evokes compensa-
tory mechanisms to correct deficiencies, such as elevation of the hip (i.e., hip
hike) and lateral trunk bending. Both these mechanisms improve foot clearance
(Kramers de Quervain et al., 1996). Hip flexor strength, which determines the
gait speed, is also frequently reduced (Nadeau et al., 1999, Olney at al., 1994).
Total range of trunk rotation in stroke patients changes with increased walking
speed in a similar way to that of healthy subjects, although the total range of
thoracic rotation is greater in higher speeds for stroke patients (Wagenaar and
Beck 1992).

Mechanical energy expenditure during gait cycle in hemiplegic patients dif-
fers from those of healthy subjects. The major difference concerns energy ex-
change within the head-arms-trunk segment that results in an increased energy
cost of gait (Olney et al., 1986). Stroke patients fail to achieve sufficient veloci-
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ties of gait to permit the normal energy-saving exchange of kinetic and potential
energy between body segment and trunk segment (Olney et al., 1986).

The literature shows that in hemiparetic patients, major gait pattern changes
occur in the trunk. The extensors and flexors of the hip are prime controllers of
trunk balance. The decreased activity in these muscles in stroke patients
(Kramers de Quervain et al., 1996, Nadeau et al., 1999, Olney at al., 1994) must
influence movements of the upper body. Wagenaar and Beek (1992) provide
data that support this view. In addition, improper energy exchange in hemiple-
gic subjects may occur primarily in the upper part of the body (Olney et al.,
1986). Speed of walking may be a determinant of stability in hemiplegia (i.e.,
patient’s ability to provide moments of sufficient magnitude and modulation to
control upper body) (Olney at al., 1994).

Restoration of locomotor function is one of the major goals in the rehabilita-
tion of stroke patients. Recently, treadmill training has been reported as
a popular method used as a part of the rehabilitation program for stroke
patients (Harris-Love et al., 2001, Mauritz 2002). Four types of treadmill training
are advocated: 1. with body weight support (Sullivan et al., 2002), 2. speed-
dependent, 3. conventional, and 4. progressive (Pohl et al., 2002).

The functional loss and the level of disability need to be established in stroke
patients to develop a treatment plan. Gait analysis is used as a tool to provide
such information. Assessment of functional status, and the effectiveness of
treatment are important measures that could be identified with gait analysis.
Some studies tried to classify stages of recovery after stroke through gait analy-
sis (Sisto 1998).

Studies of spine motion during normal gait have focused on the lumbar
spine (Capozzo 1984, Carlson et al., 1988, Cromwell et al., 1989, Feipel et al.,
2001, Whittle 2002). Nearly all of these [Evans et al., 1995, Kramers de Quervain
et al., 1996, Olney et al., 1998, Witte and Carlson 1997) treated the trunk as
a rigid segment, or divided the spine into three parts (Crosbie et al., 1997, part |
and I).

The motions of spinal segments in healthy subjects show a very characteris-
tic and consistent pattern (Syczewska et al., 1999). In the sagittal plane they
show an oscillation pattern: two full cycles per gait cycle. The whole spine is
positioned anteriority (compared to quiet standing). In the frontal plane the
segments also show an oscillation pattern, but with only one full cycle per gait
cycle.

Thus, the aim of our present study was to evaluate the differences in the
segmental movements of the spine during walking in hemiparetic subjects
compared to the data of normal walking of the healthy subjects.
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Subjects

Fifteen volunteer subjects with hemiparesis due to stroke were recruited for
the study. Seven patients suffered from right-sided and 8 from left-sided hemi-
paresis. There were 6 women and 9 men, aged from 35 to 62 years. The time
interval after stroke was from 2 to 13 years. Thirteen patients had stroke due to
ischaemia, and two due to brain haemorrhage. Twelve of the 13 patients re-
ceived rehabilitation and occupational therapy programs for 2 to 3 months after
stroke. All patients were functionally independent, both indoors and outdoors.
None of the subjects showed prominent hip hiking, severe contractures or
spasticity. No associated movements in the upper extremities were present
during gait.

All subjects were capable of independent walking without aids (i.e. canes,
orthoses, etc.). Informed consent forms were obtained from all subjects.

Methods

Instrumentation and procedure

The experimental procedure was adopted from a related paper (Syczewska
et al., 1999), and therefore will be described briefly here. Data were collected
with an optoelectronic measuring system, Mac Reflex (Qualisys, Sweden). The
MacReflex system was calibrated before each experimental session. Two cam-
eras were placed behind the subjects at a distance of about 2 to 3 m. Data were
recorded with a sampling rate of 50 Hz. Three walking trials and one static trial
were recorded in a test session. The duration of each trial was 20 s. Data was
collected during barefoot treadmill walking. Prior to data collection, subjects
were asked to walk several times on a treadmill at different speeds. Treadmill
speed was individually selected by each subject in effort to self-select (pre-
ferred) a speed close to their “normal” walking rhythm. The laboratory Y-axis
was the subject's anterior-posterior axis, it was the direction of the treadmill
movement.

Subjects walked without assistance during the data collection. Safety provi-
sions during the trials included (a handrail on one side of the treadmill,
a physiotherapist opposite the handrail side, and an assistant prepared to termi-
nate the treadmill test at anytime during the experiment.

Fourteen retro-reflective skin markers were placed on each subject. Eight
markers were positioned over the spinal processes of vertebrae (C7, T4, T7, T1q,

T12, Lo, Ly and Sy), two over the posterior superior iliac spines, two over the
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acromion processes, and two others were placed on the lower legs to identify
the different phases of the gait cycle.

The angle changes in all subjects were small, but well below the accuracy of
the system. Harrison et al., (1993) measured the accuracy of MacReflex in the
experimental volume used for gait analysis. They assessed the angular error
using markers placed on a small (24 cm) goniometer. The results were as fol-
lows: 0.06° to 0.32° for angles 10° to 60°, and 0.11° to 1.52° for angles 70° to 180°.

Data analysis

The number of recorded gait cycles varied from 12 to 24, depending on the
subject's walking speed. The data were time normalized to per cent of the gait
cycle. The gait cycle was defined as the time between heel strike of the non-pa-
retic leg to the next heel strike of the same leg. The gait cycle data were aver-
aged for each subject. Next, data from different subjects were averaged for fur-
ther analysis. The coefficients of variations (CVs) were calculated, according to
definition given by Winter (1991).

The procedure used was the same as described by Syczewska et al., (1999).
The spine was divided into discrete segments using the markers. Spine seg-
ments were regarded as rigid bodies. Positive values for the subject's lateral axis
pointed to the non-paretic side, and the anterior-posterior axis pointed forward.
For each segment the following angles were calculated: between lateral axis and
the segment in the frontal plane, and between the anterior-posterior axis and
the segment in the sagittal plane. The angles from the static trial were taken as
the reference values. The angles of the segments during gait were referred to
the angles from the static trial. The angles of the static trial were subtracted
from the gait angles. The negative values of the angle changes reflected the fact
that the angles during quiet standing were larger than those during gait, with
positive values reflecting the opposite. The acromion markers and iliac markers
defined two additional rigid segments, and the angles between these two seg-
ments in frontal and transversal planes were also calculated. The segments
were named after the number of the markers. Segment 12 was the segment
between C7 and T4, and segment 78 was the lowest segment, between L4 and
So.

All the calculations were performed in MATLAB with a custom written pro-
gram. As a measure of difference between hemiparetic and healthy subjects,
correlation coefficients were calculated between spinal segmental movements
for stroke subjects and healthy subjects. Kruskal-Wallis ANOVA test was used
to assess the differences in age and stroke intervals between subgroups.
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Results

Spinal movement patterns of hemiparetic subjects differed considerably
from those reported in healthy subjects. No consistent pattern of motion was
characteristic for all subjects. In all cases the upper and the lower most seg-
ments were the most erratic, thus, difficult to assess patterns of motion.

Three abnormal patterns of motion were identified. This identification was
based on similarities of the spinal movement patterns in frontal and sagittal
planes in visual analysis, and confirmed with signal correlation coefficients of
spinal segment motion in two planes. It is difficult to compare the kinematic
curves between groups using standard statistical methods, therefore a method
taken from signal analysis was used instead.

Subgroup 1 (n=4) showed sagittal plane curves with a distinct oscillation
pattern (Fig. 1a), that was in contrast to the healthy subjects, with only one full
cycle per gait. The duration of this oscillation cycle is equal to the duration of
the gait cycle.

Subgroup 2 (n=3) demonstrated segments in the sagittal plane maintained
the oscillation pattern with two cycles per gait cycle (Fig. 2a), but in comparison
to the healthy subjects these oscillations were shifted in phase by approximately
20 % of the gait cycle. In addition, the amplitudes of the oscillations were not
equal to each other.

In the frontal plane these two subgroups had similar movement patterns
(Fig. 1b and 2b). This pattern differs considerably from the one exhibited by the
healthy subjects. In healthy subjects the spine during gait behaves as a curved
flexible rod which bends sideways. The upper segments always bend towards
the supporting leg, the lower segments always bend in the opposite direction,
and the middle segments stay in the same position for the whole gait cycle
(Mauritz 2002). This pattern was not present in the hemiparetic subjects. During
the hemiparetic weight bearing limb most of the segments started to bend to-
wards the paretic lower leg at the beginning of the gait cycle and remained bent
through the cycle. The maximum bending was 3° to 5°, depending on the spine
segment.

Subgroup 3 (n=6) showed curves in the sagittal plane with one oscillation of
duration shorter than half the gait cycle (Fig. 3a). This oscillation appeared
during the second part of the gait cycle (i.e., while the hemiparetic leg was in
stance). During the first part of the cycle the segments moved along the straight
line. In contrast to previous subgroups, as well as with healthy subjects, the
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third subgroup exhibited the most rigid spine in the frontal plane (Fig. 3b).
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Segmental movements of the spine of the first subgroup of the hemiparetic patients
(n=4). A. Sagittal plane, positive - forward lean. B. Frontal plane, positive - toward

I 40 6

% galtcycle

segment 12 ————
segment 23 ————1
segment 34 | FETIAT T TIZELTIT |
segment 45

segment 56
segment 67

segment 78

non-paretic side.

50 100

Toe-oft of non-paretic feg

Toe-off of paretic leg

Foot contact of paretic leg



46 Spinal segmental movement changes during treadmill gait after stroke

Angle changes (degrees}) A
] -
0.5
- —— e,
o L o -"”._.__. — — ;,'. — -\
_ - et e S i PO
LI S . ke
0.3 R L
. o | —— "‘._--._,_k.‘ .
04 F ./" — R ~ — "\q;‘ '.’ -
0.3 -~ - ~ e
R L . "~
0.2 Fre =Y .
- ¥
0.2
10 40 60 80 100
% gaiteycle
Angle changas (degrees) &
s e ot —— e ORISR o
:e:“:a- il IR —— T
Y > et
R - -~ R 8
. s - 4 -
v ’ L ’ -
- '/ o —— . ‘... :‘ ]
5 F N\ TreassarT S
., ~
A F .
\ P
s b R
-4
i -] 40 L] 1] 10
%ogaltayeis
m—nwmm segment 12 C—1 Toe-off of non-paretic leg
segment 23  — Toe-off of paretic leg
—_— = = segment 34 [ Footcontact of paretic leg
== = segment 45
— segment 56
ssmmnminenas  segment 67

segment 78

Fig. 2

Segmental movements of the spine of the second subgroup of the hemiparetic patients
(n=3). A. Sagittal plane, positive - forward lean. B. Frontal plane, positive - toward
non-paretic side.
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Slight bending (about 1°) towards the non-paretic leg was observed, but the
spine segments remained at nearly constant position throughout the whole gait
cycle.

Two patients had very erratic patterns of movements, and they were not as-
signed to any of the above described subgroups.

In contrast to healthy subjects, who have a anterior lean of the spine during
the gait (4° to 5° compared to quiet standing (Syczewska et al., 1999)) the hemi-
paretic subjects showed no anterior lean of the spine. Mild backward leaning (in
comparison to quiet standing) of about 1-1.5° was noted in all cases. In all pa-
tients the spine was slightly leaning forward during quiet standing, therefore
the trunk was not inclined behind the vertical position during gait.

The variability of the data is reported as average inter-subject standard de-
viation. For middle spine segments (from 23 to 67) this standard deviation
ranges from 0.1° to 1.4°, while for the lower most and upper segments, ranged
from 0.1° to 4.5°. Intra- and inter-subject coefficients of variation (CVs) were
also calculated, as this measure of variability is reported by many authors. In-
tra-subject coefficients of variation (CVs) varied from about 0.1 % to 2 % during
static trials and from about 0.1 % to 5 % during gait. The inter-subject CVs var-
ied from about 30 to 300 %.

During quiet standing, in contrast to the healthy subjects, the hips and the
shoulders of the stroke patients were not parallel to each other in either the
horizontal or frontal planes. In the frontal plane the shoulders were inclined
towards the paretic side, with an angle from about 10° to 30°. In the horizontal
plane the shoulders were rotated in respect to the hips, with an angle of about
15° to 25°; with the non-paretic shoulder rotated forward. During gait analysis
the only common features which could be noticed were disappearance of the
shoulders’ inclination in the frontal plane, and the rotation in the horizontal
plane. In addition, hip-shoulder movements among patients varied greatly with
no common patterns noted. The relative hip-shoulder movements during the
gait were of magnitude of 2° to 3° in the horizontal plane (i.e., much smaller
than in healthy subjects of about 10°) (Syczewska et al., 1999). Thus, the error
introduced by not measuring the rotations of the spinal segments about their
vertical axis should not be critical. This may explain the reason for some erratic
results.

Table 1 shows the signal correlation coefficients (i.e., correlation coefficients
taken from signal analysis) of the spinal segments between the three subgroups
of the hemiparetic patients and the healthy subjects. Values of the coefficients
indicate that pathological patterns differ significantly from the normal ones.
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Differences were smaller for the frontal plane than for the sagittal plane. To
confirm the differences between the subgroups, the morphograms (profile pat-
terns) of the signal correlation coefficients were constructed (Fig. 4). They pre-
sent separately for sagittal and frontal planes values of these coefficients for
three subgroups for each spinal segment. The Spearman correlation coefficients
were calculated between the signal correlation coefficients in each plane be-
tween the subgroups. The only statistically significant correlation was found in
the sagittal plane between subgroups 1 and 3 (r=0.84). But in the frontal plane
there was no correlation between these subgroups; thus they were different.

Table 1
The signal correlation coefficients of the spinal segment movements between three
subgroups of the stroke patients and healthy subjects.

Seg. First subgroup Second subgroup Third subgroup

n= 4 n= 3 n= 6
sagittal frontal sagittal frontal sagittal frontal
plane plane plane plane plane plane
12 0.341 0.955 0.508 0.252 0.364 0.553
23 0.285 0.263 0.287 0.675 0.432 0.813
34 0.034 0.604 0.695 0.708 0.346 0.788
45 0.044 0.931 0.584 0.857 0.266 0.528
56 0.199 0.876 0.428 0.905 0.494 0.251
67 0.224 0.541 0.634 0.841 0.334 0.214
78 0.869 0.435 0.337 0.875 0.618 0.542
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Morphograms (profile patterns) of the signal correlation coefficients for three
subgroups. A. Sagittal plane. B. Frontal plane.
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There was no difference in age between subgroups (H=1.576, p=0.455), and
in the stroke interval (H=0.087, p=0.957).

Discussion

In our previous study (Syczewska et al., 1999) we described the methodol-
ogy which could be used to assess the segmental movement patterns of the
spine during gait, and reported the results obtained in a group of healthy sub-
jects. These results were used in this paper as reference values for the evalua-
tion of persons with stroke.

In the frontal plane subgroups 1 and 2 had similar movement patterns. The
spine was bent towards the non-paretic limb throughout nearly the whole gait
cycle. Bending of the spine towards the non-paretic limb permits better foot
clearance of the hemiparetic leg. The spine often remains bent in this way even
while the hemiparetic leg is the supporting limb, which is probably related to
the balance problem experienced by most of the patients. The hemiparetic limb
may not provide stability control due to weakness, and thus the bent spine may
assist in postural balance.

In all three subgroups (but more pronounced in groups 2 and 3) the upper
and the lower most spinal segments exhibit the most erratic and difficult to
describe patterns of motion. This was probably due to the influence of abnormal
movements of the shoulders and pelvis. Some researchers have reported an
absence of the proper muscular force in hip flexors and extensors in hemiparetic
subjects, which resulted in abnormal pelvic movements in all three planes
(Kramers de Quervain et al., 1996, Nadeau et al., 1999, Olney et al., 1994). These
irregular patterns had the most influence on lower segments of the spine, and
the results of this effect could clearly be seen in our diagrams (Fig. 1, 2 and 3).

In all three subgroups there was a small, posterior lean of the spine. The an-
terior lean of the spine during gait in healthy subjects (Syczewska et al., 1999)
could be related to the minimizing energy consumption during the generation
of the propulsive forces, and for assisting the hip extensors. When the spine is
positioned anteriorily, the gravitational and ground reaction forces together
could create an acceleration vector pointing forward (Alexander 1991, Breniere
and Do 1987). A posterior lean of the spine in hemiparetic subjects might nega-
tively influence the minimization of the energy expenditure (i.e., in this position
there is no possibility to favourably use the gravitational and ground reaction
forces), thus causing an increased energy cost of the gait. In addition, postural
balance complications may occur. Nevertheless, a posterior lean could assist in
improving foot clearance.
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In all three subgroups there were males and females, and subjects with left-
and right-sided hemiparesis. No statistically significant differences were found
in subjects’ age between the subgroups. The first, second and third subgroup
intervals after stroke were 2-11 years, 2-6 years, and 2-13 years, respectively. All
subjects, except one from the third subgroup received rehabilitation treatment
and occupational therapy treatment after the stroke for 2 to 3 months. All pa-
tients, except one from the first subgroup, received pharmacological treatment.
Except for two patients, all subjects had stroke due to ischemia. One patient
from subgroup 2, and one patient from subgroup 3 had stroke due to a brain
haemorrhage. Movement characteristics differed even though the clinical char-
acteristics were similar for all three subgroups. We speculate, that a plausible
reason for different movement characteristics could be the localization and the
extent of the brain damage.

The human body economizes the use of energy during gait by different
mechanisms, such as the amplitude reduction for centre of gravity movements,
reduction of unnecessary muscular co-contraction, synchronization of move-
ment of different parts of the body, which enables the exchange of potential and
kinetic energy, and storage of elastic strain energy in tendons and muscles
[Alexander 1991, Cavagna et al., 1977, Grimby 1983). Any deviation from the
normal gait pattern may yield increased energy consumption (Olney et al.,
1986, Gracovetsky and lacono 1987). As one of the most complex and integrated
movements (Winter 1991), gait not only involves the lower extremities, but also
the whole body. The spine movement pattern may be an important energy-
saving mechanism for gait (Gracovetsky and lacono 1987). The results
presented in this work indirectly support this hypothesis, although further in-
vestigations are needed. In comparison to the healthy subjects the patients'
centre of gravity did not move smoothly. Results showed greatly deranged,
difficult to quantify and to describe movement of the lower most spine segment
connected to the pelvis, where centre of gravity for the whole body is approxi-
mately situated. The changed patterns of segmental movements of the spine in
all three subgroups show deficient synchronization between different spine
segments, which results from unnecessary acceleration and deceleration of
body parts, which require additional energy. Furthermore, this resynchroniza-
tion could negatively influence the exchange between gravitational potential
energy and Kinetic energy, and the recovery of elastic energy stored in muscles
and tendons.

All but two of our patients, could be divided into three subgroups, each with
a very distinctive spinal movement pattern. However, it is difficult to relate
these subgroups to those identified by other authors. Wagenaar and Beek
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(1992), who analysed gait patterns of stroke patients walking on a treadmill,
found the following subgroups: GP1, with extensive pelvic rotation, GP2, with
lack of timing in trunk rotation, and GP3, with deficiencies in relative pelvic
and trunk rotation. Olney and her co-workers (Olney et al., 1986) identified
three abnormal patterns of energy cost in hemiparetic patients. The first pattern
revealed no mirroring of potential and Kinetic energy types. The second pattern
showed a limited mirroring with low kinetic energies, thus the energy con-
serving mechanisms are limited. The third pattern noted a hip hiking pattern
during gait, with low kinetic energies and marked increases in head-arms-trunk
segment potential energy during the swing phase of the affected leg. Compari-
son of our subgroups to the results obtained by Olney (1986) as well as
Wagenaar and Beck (1992) are difficult to assess due to differing aspects of the
hemiparetic gait being analyzed. The heterogeneity found in spinal movement
patterns might have important implications for the rehabilitation process of the
stroke patients. Rehabilitation of stroke patients require different treatment
regimes based on distinct gait parameters identified for each of the three sub-
groups. Further investigations are needed to determine their clinical signifi-
cance.

Similarities of the spinal motion pattern which were found in hemiparetic
subjects need further investigations, directed towards the relationship between
observed changes and localization of the cerebral lesion, type of pharmacologi-
cal treatment and rehabilitation programs used, and changes in kinematic pa-
rameters describing pelvis and leg performances during gait.

When patients exhibit abnormal gait patterns and experience the loss of
walking ability, the rehabilitation of the trunk could be as important as the re-
habilitation of the legs.
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