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ABSTRACT

Background: Researchers and clinicians often use gait speed to classify hemiparetic gait dysfunction because it
offers clinical predictive capacity. However, gait speed fails to distinguish unique biomechanical characteristics
that differentiate aspects of gait dysfunction.

Research question: Here we describe a novel classification of hemiparetic gait dysfunction based on biomecha-
nical traits of pelvic excursion. We hypothesize that individuals with greater deviation of pelvic excursion,
relative to controls, demonstrate greater impairment in key gait characteristics.

Methods: We compared 41 participants (61.0 = 11.2yrs) with chronic post-stroke hemiparesis to 21 non-dis-
abled controls (55.8 + 9.0yrs). Participants walked on an instrumented split-belt treadmill at self-selected
walking speed. Pelvic excursion was quantified as the peak-to-peak magnitude of pelvic motion in three ortho-
gonal planes (i.e., tilt, rotation, and obliquity). Raw values of pelvic excursion were compared against the dis-
tribution of control data to establish deviation scores which were assigned bilaterally for the three planes
producing six values per individual. Deviation scores were then summed to produce a composite pelvic deviation
score. Based on composite scores, participants were allocated to one of three categories of hemiparetic gait
dysfunction with progressively increasing pelvic excursion deviation relative to controls: Type I (n = 15) —
minimal pelvic excursion deviation; Type II (n = 20) — moderate pelvic excursion deviation; and Type III (n = 6)
— marked pelvic excursion deviation. We assessed resulting groups for asymmetry in key gait parameters in-
cluding: kinematics, joint powers temporally linked to the stance-to-swing transition, and timing of lower ex-
tremity muscle activity.

Results: All groups post-stroke walked at similar self-selected speeds; however, classification based on pelvic
excursion deviation revealed progressive asymmetry in gait kinematics, kinetics and temporal patterns of muscle
activity.

Significance: The progressive asymmetry revealed in multiple gait characteristics suggests exaggerated pelvic
motion contributes to gait dysfunction post-stroke.

1. Introduction

Gait speed, step asymmetry, metabolic cost, and muscle activity

inherently limited, most notably by lack of specificity. In contrast, a gait
classification system based on walking mechanics is likely to reveal
underlying impairments of gait dysfunction post-stroke.

patterns during walking have all been used to classify hemiparetic gait
dysfunction [1-5]. Often, researchers and clinicians use gait speed
changes to assess treatment-related improvements without regard to
the neuromechanical walking pattern. On this background, hemiparetic
gait dysfunction is only moderately responsive to treatment [6,7].
Gait speed offers myriad advantages as a classification variable
[8,9]. However, speed-based classifications of gait dysfunction are

Biomechanical investigations of gait dysfunction typically focus on
deviations in kinematics and kinetics of lower extremity joints with
little attention to motion at the pelvis.> Given the critical role of the
pelvis as a structural link between the trunk and the lower extremities,
pelvic excursion® is a logical biomechanical focus for investigating
hemiparetic gait dysfunction [10]. Indeed, biomechanical deviations of
pelvis motion, including exaggerated frontal (i.e., lateral tilt and
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2 pelvis, as used throughout the text, refers to the bony structure that consists of bilateral ilia, ischia, pubi, the sacrum, and the coccyx.

3 Pelvic excursion refers to motion of the bony pelvis.
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Transverse Fig. 1. Quantification of pelvic excursion. A)
Pelvic motion. Darker structures and red arrows
illustrate pelvic rotation with respect to ana-
tomic orientation (lighter structures) within i)
frontal, ii) sagittal, and iii) transverse planes
with respect to the lab reference frame (black
arrows). Pelvic motion was quantified across
the gait cycle for each individual, in each
plane. B) Gait cycle. We parse the gait cycle in 6
biomechanically relevant phases using the fol-
lowing gait events: ipsilateral initial contact
(iIC), contralateral toe off (cTO), contralateral
initial contact (cIC), and ipsilateral toe off
(iTO). The first and second halves of single
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cursion. Single-subject data from the transverse
plane illustrated here. To establish normative
data, we first measured pelvic excursion bilat-
erally in healthy controls and quantified the
peak-to-peak magnitude of pelvic motion (de-
grees) throughout the gait cycle in each of the
three orthogonal planes. D) Reference data from
controls. Subsequently, raw values of pelvic
excursion for healthy controls and participants
post-stroke were compared against the dis-
tribution of these reference control data. E)
Deviation scores. Pelvic deviation was defined
in each plane by determining the number of
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displacement) and transverse plane (i.e., rotation) motion occur fol-
lowing stroke [11,12].

Despite recognition of pelvic motion impairments, our under-
standing of how they relate to other biomechanical gait impairments
following stroke remains limited. In health, we recognize 3-dimensional
motion of the pelvis decreases energy cost by minimizing vertical center
of mass excursion during walking [10,13]. Excessive pelvic motion in
any direction could increase the metabolic cost of walking, a well-re-
cognized sequela following stroke [13-15]

Evidence suggests regaining control of pelvic motion may lead to
better gait outcomes. For instance, individuals post-stroke who improve
overground walking speed following intervention also reveal kinematic
changes suggestive of reduced anterior pelvic tilt [7]. However, whe-
ther control of pelvic motion during walking is a prerequisite to or by-
product of improved walking function remains unknown.

Here we report results of an exploratory analysis aimed at
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Deviation scores

developing a classification scheme for hemiparetic gait dysfunction
based on the magnitude of pelvic excursion deviation. We investigated
differences between controls and pelvic excursion deviation categories
derived from the classification. We examined neuromechanical differ-
ences by leg and quantified the magnitude of asymmetry between legs
to determine if asymmetries were larger for groups with more pelvic
excursion deviation.

2. Methods
2.1. Participants

Data presented here represent a secondary analysis from a cross-
sectional study investigating the immediate effects of locomotor
training parameters. Twenty-one healthy controls (age: 55.8 = 9.0yrs)
and 41 individuals post-stroke (age: 61.0 * 11.2yrs; chronicity:
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70.5 * 64.0mo) participated. We recruited independent ambulators
with hemiparesis due to a single, unilateral hemispheric stroke (con-
firmed with neuroimaging). All procedures described herein were ap-
proved by the local Institutional Review Board and conducted in ac-
cordance with the Declaration of Helsinki. All participants provided
written informed consent before participation.

2.2. Instrumentation and data processing

Participants walked on an instrumented split-belt treadmill (Bertec,
Columbus, OH), that measured 3-dimensional ground reaction forces
(sampling frequency: 2000 Hz). We recorded marker data using 12 in-
frared cameras (Vicon MX, Vicon Motion Systems Ltd., Oxford, UK;
sampling frequency: 200 Hz), a modified Helen Hayes marker set (41
single reflective markers and 11 rigid clusters), and surface electro-
myograms (EMG) using active, pre-amplified electrodes (MA-311,
Motion Lab Systems, Baton Rouge, LA; sampling frequency: 2000 Hz)
placed bilaterally over the motor point of eight lower extremity muscles
(medial gastrocnemius (MG), soleus (SO), tibialis anterior (TA), gluteus
medius (GM), biceps femoris (BF), semimembranosus (SM), rectus fe-
moris (RF), and vastus medialis (VM)). Participants wore a safety har-
ness (Robertson Mountaineering, Henderson, NV) for fall arrest while
walking without upper extremity support.

We collected, labeled, and reduced marker data using Vicon Nexus
(Vicon Motion Systems Ltd., Version 1.6.1, Oxford, UK), modeled using
Visual 3D (C-Motion, Version 4.82.0, Germantown, MD), and processed
with custom Matlab (The MathWorks, Version 7.7.0 R2008b, Natick,
MA) scripts to calculate joint kinematics. We calculated joint kinetics
using inverse dynamics. Kinematic and kinetic data were lowpass fil-
tered (Butterworth, 4th order, 6 Hz and 10 Hz cutoff, respectively).
EMG data were demeaned and bandpass filtered (Butterworth, 4th
order, 20 Hz-450 Hz) with a 60 Hz notch filter applied to remove
electrical noise ( ~roll-off: —49.315 dB/Hz). Filtered EMG signals were
rectified and smoothed with a bi-directional lowpass filter
(Butterworth, 4th order, 20 Hz cutoff). All motion data were time-
normalized to the gait cycle. On average, 30 + 8 step cycles per leg
were used to calculate gait variables for each participant.

2.3. Clinical data

We assessed the motor component of the Lower Extremity Fugl-
Meyer (LE FM) [16,17] and measured self-selected (SSWS) and fastest-
comfortable (FCWS) overground walking speeds with an instrumented
walkway (GaitRite, Version 3.9, Havertown, PA). Participants post-
stroke walked without customarily worn ankle foot orthoses. If neces-
sary, we provided an Aircast (DJO, Vista, CA) to prevent excessive
ankle motion (n = 6) and allowed assistive device use for safety
(n = 4).

2.4. Key gait parameters

We quantified pelvic excursion as the peak-to peak magnitude of
pelvic motion in three orthogonal planes (i.e., tilt, rotation, and ob-
liquity; Fig. 1) to build a classification system based on control of pelvic
motion (described below). Once participants were classified, we in-
vestigated the pattern of asymmetry in the following key gait para-
meters across groups.

2.4.1. Kinematics

We analyzed six kinematic characteristics: peak hip extension
(magnitude and timing), peak knee flexion (magnitude and timing),
knee angle at initial contact (i.e., 0%GC), and ankle angle at terminal
swing (i.e., 99%GC).

2.4.2. Kinetics
We analyzed the magnitude and timing (%GC) of the three joint
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powers (i.e., product of net joint moment and angular velocity) con-
tributing to forward limb progression at the stance-to-swing transition:
concentric ipsilateral ankle plantarflexor power in pre-swing (iA2),
concentric contralateral hip extensor power in early stance (cH1), and
concentric ipsilateral hip flexor power occurring throughout pre-swing
and initial swing (iH3) [7,18].

2.4.3. Muscle activity

We calculated the proportion of integrated EMG (iEMG) in each
phase of gait (Fig. 1) relative to the total iEMG over the cycle. Thus,
iEMG identifies temporal differences in EMG activation across the
cycle, but does not inform regarding EMG amplitude. For each muscle,
we investigated iEMG within the bin revealing peak proportional ac-
tivity in controls, specifically: loading response for the VM, RF, TA, and
GM; the second half of single limb support for the plantarflexors; and
the second half of swing for the hamstrings [10]. In addition, we in-
vestigated pre-swing for the TA given the prevalent claim that ‘so-
called’ foot drop is a primary concern after stroke [19].

2.5. Pelvic classification

To establish normative data, we measured pelvic excursion bilat-
erally in healthy controls. Subsequently, pelvic excursion values for
healthy controls and participants post-stroke were compared against
the distribution of these normative data to establish deviation scores.
Deviation scores were assigned bilaterally for the three planes produ-
cing six values per individual, which were summed to produce a com-
posite pelvic deviation score (Fig. 2). The maximum composite score
observed in controls was used as the initial delimiter then doubled to
establish a second criterion, creating three categories of progressively
increasing pelvic excursion deviation (PED) in hemiparetic individuals
relative to controls as follows: Type I — minimal pelvic excursion de-
viation; Type II — moderate pelvic excursion deviation; and Type III —
marked pelvic excursion deviation.

Following classification, we evaluated limb asymmetry for key gait
parameters described above. Finally, we investigated the presence of a
systematic relationship between the extent of pelvic deviation and limb
asymmetry using a two-pronged approach: 1) including controls to
determine the overall pattern of asymmetry and 2) excluding controls
to identify patterns specific to the stroke PED groups.

2.6. Statistical analysis

Limb asymmetry (i.e., difference between legs), was the primary
outcome for the key gait parameters. PED group was defined as an
ordinal variable (ie., 0 = control, 1 = Type I, 2 = Type II, 3 = Type
IID). To test for the presence of either a linear or quadratic increase in
asymmetry, we used a least squares model (covariates: age, sex,
treadmill speed) to test for differences in the mean limb asymmetry
across PED groups. We refer to increased magnitude of difference be-
tween legs across PED groups, from Controls (if included) to Type III, as
‘progressive asymmetry’. We investigated differences in clinical data
between groups with either a Kruskal-Wallis Test or a 1-way ANOVA
and used descriptive statistics to evaluate demographics. To control for
Type I error, statistical significance was established at p < 0.05 for all
variables. We analyzed clinical data with JMP Pro software (Version
11.0.0, SAS Institute Inc., Cary, NC) and all other data with SAS soft-
ware (Version 9.3, SAS Institute Inc., Cary, NC).

3. Results
3.1. Overview
Self-selected gait speed and age were similar between stroke PED

groups. FM scores revealed greater motor impairment for participants
with the most pelvic excursion deviation. Also, we noted progressive
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Fig. 2. Pelvic excursion deviation score. A)
Comparison between individual pelvic excursion
values and the control mean to determine pelvic
excursion deviation. The distribution of compo-
site pelvic deviation scores from healthy con-
trols was used to establish criteria for classifi-
cation of pelvic deviation in persons post-
stroke. Control distributions of pelvic excur-
sion are illustrated for both legs and the re-
spective planes of motion (i-vi). Individual
values of pelvic excursion (x-axis) for each leg
and plane of motion were assigned a truncated

L 1

i)

Frontal

z-score (i.e., rounded to whole number) cor-
responding to 0-1, 1-2, or 2-3 standard de-
viations (noted by vertical lines) from controls.
Deviation values were assigned for each leg in
all three planes producing six values per in-
dividual, which were summed to produce a
composite pelvic deviation score. We illustrate
pelvic excursion deviation values (%) for a
hypothetical case: i) R, sagittal = 2, ii) L, sa-
gittal = 0, iii) R, frontal = 0, iv) L, frontal = 1,
v) R, transverse =1, vi) L, transverse = 2,

v)

Transverse

summing to produce a composite deviation
score of 6. B) Schematic illustrating use of the
control range to determine the criterion composite
deviation values to distinguish between categories.
The maximum composite score observed in
controls was used as the initial delimiter. The
maximum control score was doubled to estab-
lish a second criterion. C) Distribution of com-
posite deviation scores in our sample. Combined,
this convention established three categories of
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sively increasing pelvic excursion deviation
relative to controls: Type I - considered to have
minimal pelvic excursion deviation, produced
a composite deviation score less than or equal
to controls; Type II — moderate pelvic excur-
sion deviation, produced composite deviation
scores greater than the first, but less than the
second, delimiter; and Type III - considered to
have marked pelvic excursion deviation, pro-
duced composite deviation scores exceeding
twice the maximal pelvic excursion observed in
controls. Closed and open circles denote con-
trols and participants post-stroke, respectively.
The dotted lines represent the primary (com-
posite score = 6) and secondary (composite
score = 12) criteria used to distinguish pelvic
deviation categories.
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asymmetry across multiple biomechanical variables, including: ki-
netics, kinematic magnitude and timing, and iEMG. Progressive asym-
metry was most prominent in the magnitude and timing of kinematics.

3.2. Biomechanically based gait classification identifies three stroke groups

Mean composite pelvic excursion score was 2.1 (range 0-6) for
controls and 8.6 (range 0-18) for participants post-stroke (Fig. 2C).
Based on the range of composite pelvic excursion scores in controls, the
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primary and secondary delimiters used to classify pelvic deviation were
6 and 12, respectively. Thus, we categorized participants post-stroke
into three groups: Type I (n = 15), Type II (n = 20) and Type III
(n = 6).

3.3. Clinical data: progressive deficit in motor impairment but not gait speed

3.3.1. Demographics
All groups were of similar age (Control: 55.8 = 9.0yrs, Type I:
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64.9 = 8.2yrs, Type II: 59.4 + 9.7yrs, Type III: 56.2 * 19.5yrs;
Fias8) = 2.47, p=0.07). Our sample was predominantly male
(n = 42); this relationship carried over to each of the groups: Type I:
10/15, Type II: 16/20, Type III: 5/6, Control: 11/21. Stroke chronicity
was similar across stroke groups (Type I: 58.3 + 65.6mo, Type II:
83.0 * 61.7mo, Type Il 59.7 = 71.1mo; p = 0.49). Hemiparetic side
was relatively evenly distributed within each stroke group (R/L — Type
I: 7/8, Type II: 11/9, Type II: 4/2).

3.3.2. Gait speed

All stroke groups walked slower than controls (SSWS: 1.3 = 0.2m/
s, Fe358 = 70.52, p < 0.0001) but no differences in self-selected
overground gait speed (Type I: 0.7 = 0.2m/s, Type II: 0.6 = 0.2m/s,
Type IIl: 0.5 * 0.2m/s; p’s > 0.05) were revealed between stroke PED
groups. Interestingly, we detected differences among participant cate-
gories in fastest-comfortable walking speed. Again, all stroke partici-
pant groups revealed slower FCWS than controls (FCWS: 1.9 = 0.2m/
S, F3.58) = 52.28, p < 0.0001). Type II (0.8 *= 0.2m/s) walked slower
(p < 0.05) than Type I (1.1 * 0.4m/s). However, FCWS in Type III
(0.9 = 0.6m/s) was not different from either Type I or Type II
(p’s > 0.05).

3.3.3. Lower extremity motor impairment

Type II (22.5/34 = 7) and Type III (20/34 =+ 10.5) revealed lower
FM scores than Type I (27/34 + 8; X%, = 8.67, p = 0.01), indicating
greater motor impairment. However, Type II and Type III did not differ.

3.4. Gait asymmetry corresponds with pelvic excursion deviation

3.4.1. Kinematics

Peak hip extension and peak knee flexion revealed linear increases
in the magnitude of asymmetry across groups, such that Type III re-
vealed the greatest asymmetries (Fig. 3). Similarly, we found a pro-
gressive asymmetry for peak hip extension timing and peak knee flexion
timing (Fig. 4). The knee angle at initial contact did not reveal a pro-
gressive asymmetry (p’s > 0.05; not illustrated). However, the ankle
angle at terminal swing revealed a linear progressive asymmetry among
groups post-stroke (p = 0.04), with a quadratic increase noted when
compared against controls (p = 0.04; Fig. 3F).

3.4.2. Kinetics

Progressive asymmetry was detected across all groups for the con-
centric hip extension power (H1; Fig. 5A) produced in loading. Neither
the concentric ankle plantarflexor power in pre-swing (A2; Fig. 5C) nor
the concentric hip flexor power in early swing (H3; Fig. 5E) (all
p’s > 0.05) revealed a statistically significant progressive asymmetry.
Fig. 5C (A2) and 5E (H3) illustrate increases in the calculated asym-
metries from Type I to Type III that fail to reach statistical significance,
likely due to high variability among the Type II individuals.

No progressive asymmetry was detected for the timing of peak
power production for ankle plantarflexion (A2), hip extension (H1) or
hip flexion (H3; all p’s > 0.05).

3.4.3. Temporal patterns of muscle activity

Progressive asymmetry between legs was detected in loading re-
sponse for both TA and RF (Fig. 6). While pre-swing revealed no pro-
gressive asymmetry in the tibialis anterior (p’s > 0.05), all groups
post-stroke revealed exaggerated paretic TA activity.

Progressive asymmetry was not detected for all other muscles
whether controls were included in the analysis or not (all p’s > 0.05).
However, we note marked disorganization in the timing of bilateral
plantarflexors (Supplement 1) and more subtle changes to bilateral
hamstrings (Supplement 2) activity patterns.
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4. Discussion

Here we developed a classification scheme for hemiparetic gait
dysfunction based on pelvic excursion deviation in individuals post-
stroke. Importantly, SSWS was similar between stroke groups exhibiting
increasing magnitude of pelvic excursion deviation, but the relevant
biomechanical and physiologic measures revealed progressive asym-
metry. Our results emphasize the ability of biomechanical measures to
elucidate mechanisms underlying hemiparetic gait dysfunction. Future
work that investigates remediating these impaired mechanisms could
lead to targeted treatment strategies.

4.1. Clinical gait assessments provide limited insight

Researchers predominantly use speed-based measures of gait to
classify and predict walking function following stroke [2,20]. However,
many factors contribute to gait speed, so on its own it is a non-specific
outcome variable [2,20,21]. Speed-based classifications may confirm
walking function is compromised, but fail to inform how or why. Gait
speed similarities across stroke groups strengthen our argument that
classification based on pelvis excursion deviation provides additional
insight unavailable through speed-based classifications.

Such limitations of speed-based classification schemes have
prompted others to classify the hemiparetic gait pattern itself [22].
Cluster analysis revealed distinct gait patterns characterized primarily
by gait speed and paretic knee kinematics [22]. Other work revealed a
disruptive influence by the nonparetic leg on normal phasing of paretic
muscle activity during locomotion [23]. Therefore both paretic and
nonparetic limb data are pertinent to incorporate in analyses of hemi-
paretic gait dysfunction [24]. Furthermore, the kinetic variables used in
the current study were pre-selected based on their known roles in for-
ward progression, a functional phase requiring unloading of the trailing
limb with subsequent loading of the leading limb. The data investigated
here provide additional insight regarding biomechanical impairments
during this critical phase of the gait cycle as body weight transitions
between support limbs in the presence of excessive pelvic excursion.
While deficits in A2 and H3 power production are observed bilaterally,
asymmetrical power production is most evident in H1, the stabilizing
hip extensor power during loading response. Exaggerated pelvic ex-
cursion may contribute directly to the inability of the hip extensors to
produce sufficient power during paretic loading response.

4.2. Insights gained from biomechanical analyses

Quantification of pelvic excursion incorporates tri-axial pelvic ro-
tation based on the rationale that pelvic rotations decrease energy cost
by minimizing the vertical excursion of the center of mass in normal
gait [10,13]. Excessive motion about any of the three axes could sig-
nificantly increase the metabolic cost of walking, a well-recognized
sequela following stroke [13-15]. Exaggerated motion of the pelvis is
documented following stroke [11,12], yet the relationship between
impairments at the pelvis and other biomechanical impairments distal
to the pelvis remain unclear.

Perry described two functional units of the body during gait [10]. As
part of the passenger unit, the pelvis stabilizes the head, arms and trunk
over the support leg. Alternatively, as part of the locomotor unit, the
pelvis is paramount to controlling external forces imposed by foot-floor
contact. These external forces create moments about each lower ex-
tremity joint. As the proximal component of the hip joint, particular
demand is placed on the pelvis to counteract the moment of inertia
produced by the mass of the trunk, while simultaneously controlling
forces arising from foot-floor contact. Assessment of pelvic excursion
therefore encompasses potential stability limitations from forces origi-
nating both superior and inferior to the pelvis. In addition to impair-
ments of pelvic rotation, individuals post-stroke frequently demonstrate
increased lateral pelvic displacement [12,25,26]. Lateral pelvic
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Fig. 3. Progressive asymmetries detected in kinematic magnitude. The left column illustrates calculated kinematic asymmetry between paretic and nonparetic legs (P-
NP) for (A) peak hip extension, (C) peak knee flexion, and (E) ankle angle at terminal swing. The dotted line at zero indicates symmetry. The right column illustrates
raw kinematic values by leg for (B) peak hip extension, (D) peak knee flexion, and (F) ankle angle at terminal swing. Paretic and nonparetic legs depicted by black
and grey circles, respectively. The left leg was experimentally assigned as the paretic leg in controls. A dotted reference line is provided at neutral (0° flexion/
extension) for ease of interpretation. Notably, the linear increases in asymmetry detected for peak hip extension and peak knee flexion were present whether controls
were included (p’s < 0.01) in the analysis or not (p’s = 0.02). While the factor driving differences in peak hip extension is unclear, the differences in peak knee
flexion appear to be driven by paretic leg impairment (D). Similarly, the differences contributing to ankle angle asymmetry at terminal swing appear to be driven by
the paretic leg following stroke (F). Data are mean =+ standard error of the mean with each subject represented individually to illustrate group distributions.

displacement was not included in the current classification, though it is 4.3. Interventions to remediate underlying impairments of gait dysfunction
likely linked to pelvic rotation in the frontal plane (e.g., pelvic drop or
Trendelenburg) [10]. We hypothesized that classifying walking mechanics would reveal
More recently, reductions in anterior pelvic tilt during walking were underlying impairments of hemiparetic gait that could be used to de-
associated with better gait-related outcomes following intervention for sign specifically targeted rehabilitation interventions. Indeed, our Type
hemiparetic gait dysfunction [7]. While it is not possible to infer cau- III PED group, who revealed the most pelvic excursion, also revealed
sation from these data, they suggest the importance of reestablishing the greatest asymmetry in several gait characteristics, including: timing
control of pelvic motion during walking as a prerequisite to positive and magnitude of peak hip extension and peak knee flexion, ankle angle
response to walking-related interventions following stroke. Given the at terminal swing, and concentric hip extension power (H1). The Type
progressive asymmetries we revealed in several kinematic, kinetic and III PED group would likely benefit most from impairment level training
physiologic variables concurrent with exaggerated pelvic excursion, we targeting power production of the paretic hip extensors and ankle
hypothesize interventions that reestablish control of pelvic motion plantarflexors to improve H1 and knee flexion during pre-swing.
during walking will also be likely to improve the asymmetries noted Consistent with this premise, recent work shows a mediolateral cor-
here. rective force directed toward the pelvis on the paretic side early in the

stance phase can improve paretic leg muscle activation and improve
pelvic displacement symmetry [27].
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Fig. 4. Progressive asymmetries detected in kinematic timing. Here, we illustrate asymmetries in kinematic timing. Paretic and nonparetic legs depicted by black and
grey circles, respectively. For comparison, the left leg was experimentally assigned as the paretic leg in controls. A standard reference for toe-off (dotted horizontal
line) is provided at 62% of the gait cycle [10]. The left column illustrates calculated asymmetry between paretic and nonparetic legs (P-NP) for (A) peak hip extension
timing, and (C) peak knee flexion timing. The dotted line at zero indicates symmetry. The right column illustrates raw kinematic values by leg for (B) peak hip
extension timing, and (D) peak knee flexion timing. For the timing of peak hip extension, the increase in asymmetry was linear assessed both with (p < 0.01) and
without controls (p = 0.04); this progressive asymmetry was driven by paretic leg impairment (B). However, for the timing of peak knee flexion, the increase in
asymmetry was quadratic when controls were included (p = 0.04) and linear among groups post-stroke (p < 0.01). Asymmetry in peak knee flexion timing also

appears to be driven by paretic leg impairments (D). Data are mean *
distributions.

4.4. Limitations

Our investigation was deliberately limited in scope, to gain under-
standing of how pelvis motion interacts with other characteristics of
hemiparetic gait. As a starting point we categorized hemiparetic gait
dysfunction on the magnitude of pelvic excursion deviation, although
more elaborate classification schemes could be developed.
Furthermore, the cutoffs for the classification scheme at one and two
times the maximal control mean (Fig. 2C) may seem arbitrary. How-
ever, our sample post-stroke revealed individuals who produced pelvic
motion within the bounds of the control distribution. To categorize
these individuals while simultaneously acknowledging their pelvic
motion did not deviate from controls, we capped the first category at
the maximal value of the control distribution (i.e., Type I). Since the
composite deviation scores were the sum of six individual deviation
scores that each could not exceed a value of three, the maximum pos-
sible composite deviation score was 18. Thus, including a second cutoff
at twice the maximum of the control distribution provided equally
spaced boundaries for the classification scheme.

Use of a composite score proved useful to establish guidelines for
categorization based on general control of pelvic motion; however,
there are also inherent limitations to this approach. Use of a composite
score of pelvic excursion deviation does not afford the opportunity to
detect explicit deviations or impairments in any given plane of pelvic
motion. Furthermore, identifying specific impairments in controlling
pelvic motion (e.g., tilt or rotation) during walking, may help to elu-
cidate which components should be addressed in treatment interven-
tions targeting improved control of the bony pelvis during walking.

standard error of the mean with each subject represented individually to illustrate group

An important limitation is the use of data obtained during treadmill
walking, which reveals reduced frontal and transverse pelvic excursions
compared to overground walking in healthy controls [28-30]. To our
knowledge, the relationship of pelvic kinematics between treadmill and
overground walking following stroke remains unknown. Thus, we
cannot assume similar reductions in frontal and transverse plane ex-
cursion on the treadmill post-stroke. Therefore we recommend caution
when comparing our results with data collected from persons post-
stroke during overground walking.

We acknowledge use of the biomechanically-based classification
method presented here is not presently feasible in the clinical setting
given the expense and time needed to quantify pelvic excursion.
However, speed-based metrics failed to distinguish our groups. Indeed,
our goal was to determine if our classification system would be in-
formative and we found that it was. Furthermore, clinicians with strong
observational skills might be able to detect pelvic deviations and with
the increased availability of wearable technologies, quantitative as-
sessment of pelvic motion during gait may soon be clinically accessible.

5. Conclusions

We performed a first look at the role of pelvic motion control in
hemiparetic walking. Our biomechanically-based classification system
identified progressive asymmetry in several key biomechanical and
physiologic measures between three groups of individuals post-stroke
with increasing deviation in pelvic excursion. Similarity in gait speed
between stroke groups suggests classification based on pelvic excursion
deviation provides greater insight, unavailable from speed-based
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Fig. 5. Magnitude of joint powers. Top row: concentric hip extensor power (H1; A, B); middle row: concentric ankle plantarflexion power (A2; C, D); bottom row:
concentric hip flexor power (H3; E, F). The left column illustrates calculated kinetic asymmetry between paretic and nonparetic legs (P-NP) with a dotted line at zero
to indicate symmetry. The right column illustrates raw kinetic values by leg. Black and grey circles depict paretic and nonparetic legs, respectively. The left leg was
experimentally assigned as the paretic leg in controls. The increase in H1 asymmetry was linear (p = 0.02) and appears to be driven by an impairment of power
production in the paretic leg following stroke (A-B). Interestingly, once controls were excluded from the analysis, no progressive asymmetry was detected among the
groups post-stroke (p > 0.05). The asymmetries noted in (C) A2 and (E) H3 fail to reach statistical significance likely due to the high variability in Type II. Data are
mean *+ standard error of the mean with each subject represented individually to illustrate group distributions.

classifications.

Our data suggest restoring control of pelvic motion during walking
may be an appropriate intervention target following stroke. Further
biomechanical investigations are needed to determine whether control
of pelvis motion is a requisite precursor to, or a byproduct of, im-
provements in walking function.
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Fig. 6. Temporal patterns of muscle activity. We quantified integrated EMG (iEMG) during biomechanically relevant phases of gait which was parsed into 6 bins: 1)
loading response, 2) first half of single limb support, 3) second half of single limb support, 4) pre-swing, 5) first half of swing, and 6) second half of swing. Paretic (left
column) and nonparetic (middle column) iEMG is illustrated for the tibialis anterior (A, B) and rectus femoris (D, E) muscles. Error bars depict one standard error.
Progressive asymmetry of iEMG was detected only in the tibialis anterior and the rectus femoris during loading response, although the details of these asymmetries
differ. For the tibialis anterior, the increase in the asymmetry is linear across all groups (p < 0.01), and once the controls are excluded, the asymmetry increase is
quadratic (p = 0.03; C). However, for the rectus femoris the opposite is true. A quadratic increase in asymmetry is noted with controls included in the model
(p = 0.02), yet a linear progression is present among only the groups post-stroke (p < 0.01; F). While all groups post-stroke reveal proportionally greater tibialis
anterior activity in paretic pre-swing (bin 4) compared to the nonparetic leg, a progressive asymmetry was not detected statistically (asymmetry not illustrated).
Since iEMG represents temporal information regarding muscle activity rather than magnitude of activity, higher values of paretic tibialis anterior iEMG may result
from our sample post-stroke using a lift- or pull-off strategy rather than the typical push-off noted in pre-swing of normal gait pointing to their retained capacity to
activate the tibialis anterior following stroke. Asymmetry data are mean =+ standard error of the mean with each subject represented individually to illustrate group
distributions. The dotted line at zero indicates symmetry.
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