CHAPTER 3. THE EFFECT OF ALTERING LUMBAR LORDOSIS ON
PELVIC TILT DURING GAIT: THE ROLE OF THE HAMSTRINGS

Background

Hamstring tightness has been shown to cause abnormal walking patterns
including decreased hip and increased knee range of motion, decreased step and stride
length, and decreased walking speed [13, 36]. This may be a direct result of a posterior
tilt of the pelvis seen in those with hamstring tightness [13]. This positioning puts the
lumbar spine in a decreased lordotic state or hypolordosis and increases vertebral
segment shear forces and compressive forces on the lumbar vertebrae, which predisposes
individuals to disc-related pathologies such as disc herniation or degeneration [15].
Though the connection is still being investigated, this effect of tight hamstrings on the
spine can lead to non-specific low back pain (NLBP). Motion analysis was used to better
understand these effects and the interactions between the hamstrings, pelvis, and spine
during gait.

Frontal-plane pelvic tilt and transverse-plane rotation serve as two determinants of
gait. Frontal-plane pelvic tilt is seen as the pelvis tilts downward toward the side of the
leg in swing phase and upward toward the side of the leg in stance phase [37-40]. The
maximum frontal-plane pelvic tilt can be seen at the point at which the center of mass is
most vertical, which coincides with the point at which the swing phase leg passes the
stance phase leg [37, 38]. The magnitude is dictated by the hip abductor muscle strength
on the side of the leg in stance phase [39], though an average maximal tilt is 4-5° [40].
The other pelvic gait determinant is pelvic rotation, which can be seen in the transverse
plane. Pelvic rotation occurs when the pelvis rotates forward on the side of the foot in
swing phase as the foot extends forward [37-40]. This serves to increase the stride length
[37, 39, 40]. Unlike frontal-plane pelvic tilt, pelvic rotation reaches its maximum value
just before foot contact, with a maximal rotation between 3-5° [40]. In order to capture
the combined effect of these pelvic motions, this study focuses on the pelvic tilt as seen
in the sagittal plane during normal gait. This parameter quantifies the tilt of the pelvis
anteriorly or posteriorly in the sagittal plane and is affected by both the frontal-plane
pelvic tilt and pelvic rotation.

While many studies have been conducted on the relationship between tight
hamstrings and NLBP [9-12], little is understood of the effect of tight hamstrings in gait
kinematics, particularly of spino-pelvic interactions. This study uses motion capture
technology to assess the relationship between spinal and pelvic interactions in those with
and without tight hamstrings. To ensure intra-subject accuracy, changes in spinal and
pelvic parameters due to the lordosis-altering effects of a custom orthosis are taken into
account as opposed to absolute measures. The hypothesis tested was that those with tight
hamstrings, in order to compensate for their more posteriorly-tilted pelvic position, will
alter their trunk and pelvic position differently than those without tight hamstrings in
response to imposed changes in sagittal spinal alignment.
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during analysis, the AMTI Force Platform Stairway is designed such that forces on the
first and third steps are read by the same force plate and forces on the middle step are
recorded by a different force plate.

Participants were asked to walk at a self-selected pace across the room toward the
stairway. They then ascended three steps and onto a platform not mounted to the force
plates. On the platform, participants turned, stood at the top of the steps briefly, then
descended the stairs and walked back across the room to the starting position. For each
participant during ascent and descent, three clean runs starting with the right and left foot
in both ascent and descent were acquired so that measured parameters could be averaged.

As described in a previous chapter, a custom orthosis designed to alter spinal
curvature without contacting the pelvis was used to induce a change in LL. For this study,
participants were asked to complete the stair ascent/descent task twice: once with and
once without the orthosis until 3 clean runs starting with both the left and right feet were
recorded under each condition.

Data Analysis

All data was collected using Qualisys and exported to Visual 3D for processing. A
2 Hz capture of each participant in a static position was used to create a rigid-linked
model with 6 degrees of freedom composed of 8 geometric shapes [46, 47]. This model
was created as part of a previously-published thesis and consists of right elliptical
cylinders to represent the pelvis and torso and cones to represent the right and left feet,
shanks, and thighs [27].

All parameters calculated as part of this study were determined across a cycle
described as the start of foot contact on a step to the end of contact on that stair with that
same foot. The start and end of force plate contact on each stair was determined using a
threshold in Visual3D, though with fluctuation in body mass between each participant,
manual evaluation of each event was necessary to ensure proper labelling of foot contact
and liftoff times.

For this study, in ascent, only the middle stair was used for analysis. The bottom
stair was ignored because, since participants walked to the stairway, foot shuffling or
longer strides were seen in many trials as participants approached the stairs. The top stair
before the final platform was also ignored because, in many trials, participants had
already begun to turn before completely stepping onto the final platform. In descent, the
middle and bottom steps were used for analysis. The top step was ignored since, at the
start of descent, many spinal markers, particularly for taller participants, were obscured
from view due to the height of the final platform. While in some trials, not all markers are
completely visible at first foot contact on the first stair down, by the time participants
begin the descent of their second foot toward the step in question, all spinal skin markers
are visible to the cameras. Two analyses were run as part of this study: the first analyzes
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the spinal and pelvic kinematics while the second analyzes kinetics at the hip, knee, and
ankle joints.

Kinematic Analysis

Parameters of the kinematic analysis were measured in the sagittal plane (as
validated in chapter 2), taking the sagittal plane to include the midpoints of both the
anterior superior iliac spines (ASISs) and the posterior superior iliac spines (PSISs). The
parameters measured as part of this study are lumbar lordosis (LL) (See Figure 2-1),
pelvic tilt (PT), and trunk-pelvis angle (TPA) (See Figure 3-1). Lumbar lordosis (LL) is
defined as the acute angle formed by the intersection of lines formed by connecting S2 to
L4 and L2 to T12 markers. Pelvic tilt (PT) is defined as the acute angle between the
horizontal line extended from the PSISs and the line connecting the PSISs to the ASISs.
Finally, TPA is defined as the angle between the line extended from C7 to the midpoint
of the PSISs and the line connecting the PSISs to the ASISs.

For each cycle, these parameters were calculated, normalized to 100% of the full
stair cycle, and averaged. LL, PT, and TPA measured in all normal trials for a single
participant were averaged and used as a baseline. These average normal parameters were
then subtracted from corresponding parameters from each orthosis trial to determine
deviation from normal due to the orthotic. The 3 trials for each participant with the
greatest change in LL due to the orthosis were then used for the remainder of this
analysis. Averages of each parameter (LL, PT, and TPA) across these three trials were
then averaged and compared using linear regression analyses.

Consistently, 17 participants responded to the orthosis through the stair cycle with
a decrease in LL. Three participants responded with an increase in LL, though in ascent
and descent, a different set of 3 participants responded with an increase in LL. Of these
three participants, 1 was part of the tight hamstring group in ascent, and 1 and 2 were part
of the tight hamstring group in descent, on the second and third step, respectively. For
consistency in comparison, only trials in which a decrease in LL was seen were used as
part of the kinematic analysis described in this study.

Kinetic Analysis

Parameters measured as part of the kinetic analysis were joint angles, moments,
and powers at each the ankle, knee, and hip. All parameters were measured in the sagittal
plane. Joint angles were defined using the segments created in the model described
earlier. The ankle joint angle was defined as the angle between the foot and shank
segments. The knee angle was defined as the angle between the shank and thigh
segments. The hip angle was defined as the angle between the thigh and pelvis segments.

Joint moments calculated in Visual3D follow the right hand rule (anterior
rotation, or flexion, is positive) and are normalized using participant mass. For this study,
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only the anterior-posterior plane was taken into consideration for the kinetic analysis,
thus knee extension, ankle flexion, and hip flexion were considered positive. In a similar
manner to the joint angle determination, ankle moments were determined from the foot
with respect to the shank. The knee moments were determined from the shank with
respect to the thigh, and the hip moments were defined as the thigh with respect to the
pelvis. Joint power at each the ankle, knee, and hip was determined by multiplying the
joint moment by the angular velocity of the proximal segment to each joint.

All joint angles, moments, and powers were calculated at each time point of the
cycle and normalized to 100% of the full stair cycle. Individual steps were no longer
taken into consideration as separate entities for this portion of the analysis. Instead,
parameters were averaged across each time point of the cycle for three clean trials for
each the left and right foot in ascent and descent. Instead of a comparison between right
and left feet, a comparison between what occurs at these joints during stance and swing
phases was analyzed. Stance phase joint kinematics were calculated for joints in the leg
in contact with the step during the stair cycle. During this same cycle, swing phase joint
kinematics were calculated for joints in the leg not in contact with the step. Thus four
categories for comparison were developed: stance phase during ascent (ASTANCE),
swing phase during ascent (ASWING), stance phase during descent (DSTANCE), and
swing phase during descent (DSWING).

Differences in joint angles, moments, and powers during each phase (ASTANCE,
ASWING, DSTANCE, and DSWING) were determined between trials with and without
the orthosis and between the tight and normal hamstring groups. The former of these
resulted in a paired test while the latter resulted in an unpaired test. The former analysis
was conducted by taking the average angle, moment, or power in each phase across the
full stair cycle. The difference between this average in the trial with the orthosis and
without was then determined. Then, a Hotelling’s T-square test (p < 0.05) was conducted
to check for significant differences between the two groups. The latter analysis was
conducted by taking the average angle, moment, or power in each phase across the full
stair cycle for both the normal hamstring group and the tight hamstring group. The
difference between these two averages was then determined, and a Hotelling’s T-square
test (p < 0.05) was conducted to check for significant differences between the tight and
normal hamstring groups.

Since joint angles, moments, and powers are not independent of one another, only
one test was conducted for each phase, instead of conducting individual significance tests
for each parameter. The Hotelling’s T-square test was used for this analysis, thus taking
into account not only the contribution of the individual variables but also the joint
contribution of the variables together. Since it groups the different variables together, the
Hotelling’s T-square test was used as a preliminary analysis to assess for potential
differences in each phase. In phases where significant differences were found in the joint
angles, moments, and powers between those with and without tight hamstrings,
individual t-tests were run to establish true significance and to determine which variable
contributes to the significance.
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Figure B-4: Average Knee Angles throughout the Full Stair Cycle

Graphs in the left column represent average results from trials without the orthosis.
Graphs in the right column represent average results from trials with the orthosis in place.
The first row shows results during stance phase in stair ascent. The second row shows
results during swing phase in stair ascent. Rows 3 and 4 show results during descent in
stance and swing phase, respectively. Parameter comparisons in these graphs are made
between those with tight hamstrings (seen in red) and normal hamstrings (seen in blue).
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Figure B-5: Average Knee Moments throughout the Full Stair Cycle

Graphs in the left column represent average results from trials without the orthosis.
Graphs in the right column represent average results from trials with the orthosis in place.
The first row shows results during stance phase in stair ascent. The second row shows
results during swing phase in stair ascent. Rows 3 and 4 show results during descent in
stance and swing phase, respectively. Parameter comparisons in these graphs are made
between those with tight hamstrings (seen in red) and normal hamstrings (seen in blue).

50



25 25

s 3 g 3
E 25 E 25
§. 5.
| ]
S 15 515 :
o1 a1
E 0.5 E 0.5
z 0| z 0
s @ 20 a0 60 80 100 o5 0 20 40 B0 80 100
% Cycle % Cycle
25 3
g 2 i~
3 15 5 2
= o
P w 15
w 1 w
= = 1
al 05 o
B an 05
g 0 2 o :
g 0 20 & 100 g
Z 05 Z 05 0 20 6 100
-1 -1
% Cycle % Cycle
05
5 g 0
2 2050 %20 # a0 g0 8o
(= - 1
u 1] =
L T] 1]
£ £ -15
" m 2
g 5 25 H
> =
= 4 -3
35
% Cycle % Cycle
1 1
b b
u LT]
= =
o (=]
= o
L F] ]
w w
= =
al o
L5 o
b (=11
o o
i w
> el
T =
A
% Cycle % Cycle

Figure B-6: Average Knee Powers throughout the Full Stair Cycle

Graphs in the left column represent average results from trials without the orthosis.
Graphs in the right column represent average results from trials with the orthosis in place.
The first row shows results during stance phase in stair ascent. The second row shows
results during swing phase in stair ascent. Rows 3 and 4 show results during descent in
stance and swing phase, respectively. Parameter comparisons in these graphs are made
between those with tight hamstrings (seen in red) and normal hamstrings (seen in blue).
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Figure B-7: Average Hip Angles throughout the Full Stair Cycle

Graphs in the left column represent average results from trials without the orthosis.
Graphs in the right column represent average results from trials with the orthosis in place.
The first row shows results during stance phase in stair ascent. The second row shows
results during swing phase in stair ascent. Rows 3 and 4 show results during descent in
stance and swing phase, respectively. Parameter comparisons in these graphs are made
between those with tight hamstrings (seen in red) and normal hamstrings (seen in blue).
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Figure B-8: Average Hip Moments throughout the Full Stair Cycle

Graphs in the left column represent average results from trials without the orthosis.
Graphs in the right column represent average results from trials with the orthosis in place.
The first row shows results during stance phase in stair ascent. The second row shows
results during swing phase in stair ascent. Rows 3 and 4 show results during descent in
stance and swing phase, respectively. Parameter comparisons in these graphs are made
between those with tight hamstrings (seen in red) and normal hamstrings (seen in blue).
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Figure B-9: Average Hip Powers throughout the Full Stair Cycle

Graphs in the left column represent average results from trials without the orthosis.
Graphs in the right column represent average results from trials with the orthosis in place.
The first row shows results during stance phase in stair ascent. The second row shows
results during swing phase in stair ascent. Rows 3 and 4 show results during descent in
stance and swing phase, respectively. Parameter comparisons in these graphs are made
between those with tight hamstrings (seen in red) and normal hamstrings (seen in blue).
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