Lower-limb coordination and variability during gait: The effects of age and walking surface.
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Abstract

Background: Falls among community-dwelling older adults are often triggered by uneven
walkways. Joint coordination and its variability change with age and may place older adults at
risk of falling. It is unclear how irregular surfaces impact lower-limb joint coordination and if
such changes are exacerbated by aging.

Research question: To what extent do lower-limb inter-joint coordination and its variability,
over flat and uneven brick walkways, differ between older and young healthy adults?

Methods: A motion-capture system collected kinematic data from walking trials on flat and
uneven walkways in seventeen older (72.0 + 4.2 years) and eighteen younger (27.0 + 4.7 years)
healthy adults. Continuous relative phase analyses were performed for the Knee-Hip and Ankle-
Knee joint pairs. Mean Absolute Relative Phase (MARP) quantified coordination amplitude.
Deviation Phase (DP) quantified coordinative variability. Two-way mixed ANOVA’s tested for
effects of age, surface, and age x surface interactions.

Results: Uneven surfaces prompted more in-phase MARP inter-joint coordination in adults
during most gait phases (p < 0.024). Age x surface interactions were observed during initial
contact (Ankle-Knee: p = 0.021, Knee-Hip: p = 0.001) and loading response (Knee-Hip: p =
0.017), with post-hoc analyses showing coordination accentuated in older adults. Uneven
surfaces induced higher DP in Knee-Hip (p = 0.017) and Ankle-Knee joint coupling (p < 0.001)
during gait, largely independent of age. An age X surface interaction was observed during mid-
swing (p = 0.050), with post-hoc analysis revealing increased variability in older adults.
Significance: More in-phase and variable lower-limb gait behavior was observed on uneven
walkways. These differences were accentuated in older adults during early stance phase (more
coordinated) and mid-swing (more variable). This may reflect a cautious gait strategy on
challenging walkways to maintain stability and help prevent falls.



1. Introduction

Falls among older adults are a major public health concern across many countries. In the
United States, between 30 and 60% of persons aged 65 and older experience a fall each year [1].
These events are linked to negative health outcomes [2] and are leading causes of traumatic brain
injury and hip fractures in this population [3, 4]. Among community-dwelling older adults, falls
typically occur while walking and are often triggered by environmental factors [1]. Of these,
uneven walkways are especially problematic in the outdoor built environment [5].

Biomechanical gait analysis can identify impairments during walking and help elucidate
factors that contribute to falls. Specifically, patterns of inter-joint coordination (i.e. relationships
between joints during motion) and its variability provide insight into neuromuscular control
during functional movement [6, 7] . For instance, a lack of coordinative variability during gait
reflects an overly rigid motor system, while excessive variability is suggestive of unstable
neuromuscular control [8]. Both behaviors point to a less adaptable motor system and may place
an individual at risk of falls due to a lack of robust “movement options” when navigating a
complex environment [9]. Similar to other gait metrics, patterns of lower limb inter-joint
coordination and coordinative variability in the sagittal plane change with healthy aging [10, 11],
and these changes may have implications for falls in the elderly. For instance, Chiu et al.
reported greater Ankle-Knee coordinative variability during stance phase in older, fall-prone
adults, and correlated their findings to clinical measures indicating poor balance [9]. Hafer and
Boyer observed more in-phase foot-shank coordination during mid-stance in older, compared to
young, adults; findings which may reflect an age-specific attempt to maintain stability during
single-leg loading [10]. These studies, however, were conducted on flat surfaces and

extrapolating these findings to adults walking on uneven walkways is difficult.



The impact of walking surfaces on joint coordination are not well researched. This has
been studied from the standpoint of comparing treadmill versus ground walking [12], or
examining the impact of obstacle crossing on gait [13]; however, these situations may not reflect
the real-life walking environment of community-dwelling adults. Marigold et al. studied gait
variability on multi-surface terrain from the perspective of step parameters, reporting greater
step-length and step-width variability, independent of age [14]. In contrast, others have shown
age-specific adaptations on irregular surfaces, reporting greater step-width and step timing
variability in older, compared to younger, adults [15, 16]. While measures of step parameter
variability are useful metrics, they may not reflect patterns of joint/segment coordinative
variability in the lower extremity. The study of coordination and its variability will extend this
literature base by providing insight into motor control during gait.

Irregular walking surfaces represent a challenge to the neuromuscular system and can
increase sensitivity in identifying age-related changes during gait [17, 18]. It is unclear if
irregular surfaces similarly impact lower-limb coordination and variability, and if such changes
are greater in older adults. Better understanding of changes in lower-limb motor control
strategies during gait could have implication for falls and future fall prevention strategies.
Therefore, the aims of this study were to (1) compare patterns of lower-limb inter-joint
coordination and coordinative variability over flat and uneven brick walkways, and (2) assess
differences between older and young healthy adults for these two surfaces. We hypothesized that
(1) inter-joint coordination and variability will differ between walking surfaces, and (2) these

differences will be exacerbated in older adults.



2. Methods
2.1. Participants

Forty-six older (65+ years) and younger (18-35 years) community-dwelling adults were
recruited from the Hopkinton, MA area and provided informed consent prior to participating in
this study. Twelve participants were excluded based on screening for neurological impairments,
musculoskeletal abnormalities (e.g. joint replacement), diabetes, elevated body mass indexes
(>30), and poor balance ability. Full screening procedures are described elsewhere [18]. Data
from seventeen older (12 females, 71.5 +4.2 years, 67.6 = 12.6 kg, 165.7 £9.3 cm) and eighteen
younger adults (8 females, 27.0 + 4.7 years, 69.5 + 14.7 kg, 171.6 + 8.8 cm) were analyzed. The

Harvard Institutional Review Board approved this study.

2.2. Data Collection

Data were collected in a single testing session. An eighteen-camera motion-capture system
(Motion Analysis Corp., Santa Rosa, USA) collected retro-reflective marker data at 100 Hz
based on a modified Plug-in Gait (PiG) model (Vicon Motion Systems Ltd., Oxford, UK), while
healthy adults performed walking trials. Participants performed four straight-walking trials at
self-selected walking speeds on both flat and irregular brick surfaces. The irregular surface
consisted of bricks randomly tilted in the anterior-posterior or medial-lateral direction via dowels
of different diameter placed beneath the bricks (c.f. [18] for more details). Participants wore

standardized athletic shoes (Nike Inc., Beaverton, USA) and were tethered to a safety harness.



2.3. Data processing and analysis

Marker data were labeled and gap filled in Cortex (Motion Analysis Corp., Santa Rosa,
USA). All data were imported into Matlab (v2020a, The Mathworks Inc., Natick, USA) for
further processing with biomechZoo [19] and custom code. Procedures are described in detail
elsewhere [18]. In brief, marker data were filtered using a 4" order low-pass Butterworth filter
(8Hz cut-off frequency). Joint centers of the hip [20], knee, and ankle [21] were determined, and
orientation of thigh wand markers were optimized [22] in anticipation of lower-limb joint angle
computations according to the PiG modeller [23]. Discrete events for foot-strike and foot-off
were extracted using marker data according to a coordinate-based algorithm [24], and one full
gait stride per trial (total trials = 4), across all conditions, for each subject, was extracted for
further analyses (Fig. 1). All retained joint angles were in the sagittal plane.

Continuous Relative Phase (CRP) analysis, which consists of determining a signal based on
the difference in phase angles of two adjacent joints/segments during functional movement, was
used to describe inter-joint coordination and variability [6, 25] (Fig. 1). First, gait data were
padded with extraneous kinematic data to the nearest gait event, on either end, to control for
potential data distortion associated with CRP analyses [26]. Phase angles for the hip, knee, and
ankle joints were determined using the Hilbert transform approach as described by Lamb and
Stockl [27]. This involves amplitude-centering the kinematic signal around zero, and calculating
phase angles using joint angles at time ¢, x(?), and their Hilbert transformation H(?)=H(x(t)). The
Hilbert transform results in a complex signal, {{(?), where the H(?) of x(2) serves as the imaginary

portion of the analytical signal (Eq 1).

Eql. ¢y =x1) +iH()



Next, at any point in time #;, the phase angle of a joint can be determined as the inverse tangent

of the transformed signal H(?;) divided by the measured signal x(?) (Eq. 2).

Eq 2. @) = arctan ((H(t;)/x(1;)))

These procedures were repeated for each walking trial, across both walking surfaces, for all
participants. Data pads were removed, and the absolute difference in phase angles for two
adjacent joints quantified coordination for the Knee-Hip and Ankle-Knee joint pairs, across the
individual gait cycles. To adjust for discontinuities, CRP values greater than 180 were subtracted
from 360 [27]. The resulting CRP values are between 0 and 180, where 0 represents fully in-
phase coupling (i.e. more tightly coordinated), while 180 represent fully out-of-phase coupling
(i.e. less tightly coordinated) [7]. Knee-Hip and Ankle-Knee CRP curves were time normalized
to 100% of the gait cycle, and partitioned into stance (initial contact, loading response, mid-
stance, terminal stance, and pre-swing) and swing (initial swing, mid-swing, terminal swing)
phases using normative gait cycle event timings [28]. To summarize patterns of coordination
amplitude and coordinative variability, the Mean Absolute Relative Phase (MARP) and
Deviation Phase (DP) were used, respectively [29]. MARP was determined by taking the mean
of the ensemble averaged CRP curves of the four trials, while DP was quantified by averaging
the standard deviations of ensemble CRP curves over the gait cycle (Fig. 1). MARP and DP were
calculated for each phase of gait, across both walking surfaces, for each joint pair, in all

participants.



2.4. Statistical analysis

To test our hypotheses examining the effects of age and surface, 2 x 2 mixed design
Analysis of Variance (ANOVAs) were run using age (old/young) as a between-subject factor and
surface (flat/uneven) as a within-subject factor. An age x surface interaction was included to test
our second hypothesis that the effects of surface differed in older adults. Partial Eta-Squared (n?)
was used to quantify effect sizes. Separate analyses were performed for our dependent variables,
MARP (coordination) and DP (coordinative variability), for each event (initial contact, loading
response, mid-stance, terminal stance, pre-swing, initial swing, mid-swing, terminal swing), for
the Knee-Hip and Ankle-Knee joint pairs. Deviations from normality were not tested during the
ANOVAs as the design is robust against departures from normality [30]. In the event of a
significant interaction, paired post-hoc tests with Bonferroni corrections were used to compare
differences in group by condition (young/flat vs. young/uneven and old/flat vs. old/uneven).
These data were checked for normality using QQ plots, and Levene’s test examined homogeneity
of variance. If parametric assumptions were not met, Wilcoxon Signed-Rank tests were run
instead of paired t-tests (see results for test implemented). Cohen’s d and Glass’s delta (A)
quantified effect sizes for the results of the paired t-tests and Wilcoxon Signed-Rank tests,
respectively [31]. Level of significance for all tests was set at o < 0.05. All statistical analyses

were performed using SPSS (Version 23, IBM, Chicago, USA).

3. Results
A post-hoc mixed ANOVA showed no main effect of age (p = 0.090) nor walking surface (p

=0.293) on mean self-selected gait speed.



3.1. Inter-joint Coordination (MARP)

For the Ankle-Knee joint pair, significant surface effects were observed during initial
contact, loading response, mid-swing and terminal swing, while age effects were observed
during initial contact, initial swing and terminal swing (Table 1). Significant age x surface
interactions occurred during initial contact (p = 0.021). Follow-up Wilcoxon Signed-Rank tests
showed that older adults adopted more in-phase Ankle-Knee coordination (i.e. lower MARP) to
a greater extent on uneven, compared to flat, surfaces (median difference -67.1°; p = 0.002, A =
0.848) than young adults (median difference -23.8°, p = 0.020, A = 0.247) (Fig. 2). The uneven
walkway prompted lower MARP during loading response (p = 0.024), mid-swing (p < 0.001)
and terminal swing (p < 0.001) phases, independent of age. Age effects occurred during initial (p
=0.012) and terminal swing (p = 0.020) phases, suggesting less and more in-phase behavior
respectively, in older adults, regardless of walking surface.

For Knee-Hip coupling, the uneven surface resulted in lower MARP values, indicating more
in-phase coupling across all gait phases (p = 0.023) (Table 1). Significant age x surface
interactions were observed during initial contact (p = 0.001) and loading response (p = 0.017).
Follow up paired t-tests revealed that an uneven surface prompted more in-phase Knee-Hip
coupling to a greater extent in older, versus younger adults during initial contact (Old: mean
change -12.8°, p <0.001, d =2.031; Young: mean change -5.4°, p =0.001, d = 0.947) and
loading response (Old: mean change -10.5°, p = 0.001, d = 1.125; Young: mean change -3.9°, p
=0.014, d = 0.647) (Fig. 2). Age effects were observed during initial (p = 0.040), mid (p =
0.008), and terminal swing (p = 0.048), suggesting that older adults were more in-phase during

swing phase, independent of surface.



3.2. Inter-joint Coordinative Variability (DP)

Regarding Ankle-Knee coupling, the uneven walkway induced more variable patterns of
coordination (higher DP values), independent of age, during most gait phases (p < 0.001) (Table
2). The exception was an age X surface interaction during mid-swing (p = 0.050). Follow-up
Wilcoxon Signed-Rank tests revealed more variable Ankle-Knee coupling in older adults on
uneven, compared to flat, surfaces (median difference 7.6°, p = 0.001, A = 3.97), versus young
adults (median difference 3.8°, p = 0.025, A= 1.07) (Fig. 2).

For Knee-Hip coupling, the uneven walkway prompted greater DP values during all gait
phases, largely independent of age (p = 0.017) (Table 2). An age effect occurred during initial
swing (p = 0.039), suggesting reduced Knee-Hip variability in older adults, independent of

walking surface.

4. Discussion
4.1. Summary

This study investigated differences in lower-limb joint coordination amplitude (MARP) and
variability (DP), during gait on flat and uneven walking surfaces, in young and older healthy
adults. The uneven walkway prompted more in-phase Ankle-Knee coupling (i.e. more tightly
coordinated) in all adults during key aspects of stance and swing phases (Fig. 3), with this
response being greater in older adults during initial contact (Fig. 2). For Knee-Hip coupling, a
more in-phase walking strategy on an uneven surface was observed in all adults during gait (Fig.
4), with this change being accentuated in older adults during initial contact and loading response
(Fig. 2). During swing phase, more in-phase Knee-Hip coupling was observed in older adults,

independent of walking surface. Regarding variability, the uneven surface resulted in more



variable patterns of coordination during gait, largely independent of age, for both joint pairs. The
sole exception was during mid-swing for Ankle-Knee, where a greater change to a variable gait
pattern in older adults was observed. More in-phase lower-extremity coupling on the uneven
surface during stance in older adults may reflect a more cautious gait pattern, which serves to
help reduce the risk of falling. Changes in variability were likely a functional response to an
uneven walking surface in all participants, due to a greater challenge to the neuromuscular

system.

4.2. Age and surface-related changes in inter-joint coordination (MARP)

Consistent with our hypotheses, the uneven walking surface prompted changes in Knee-Hip
and Ankle-Knee coordination, and these differences were greater in older, compared to young
adults (Fig. 2). These observations of more in-phase behavior during early stance likely point to
a more cautious, en-bloc, gait strategy implemented by older adults. Joint coordination plays an
essential role in maintaining a stable gait pattern [32]. Therefore, this strategy may reflect an
attempt to uphold a stable walking posture on a challenging surface [32], potentially reducing
risk of falls via tripping or loss of balance. During swing phase, more in-phase behavior was also
observed in the Knee-Hip (all phases) and Ankle-Knee (mid-terminal swing) joint pairs,
independent of age. These behaviors may be indicative of a preparatory motor strategy as an
individual plans for the upcoming loading phase on an uncertain surface, and/or considers toe-
clearance over elevated bricks. In other words, these ‘more cautious’ strategies could be entirely
functional and reflective of changing gait dynamics with healthy aging.

To our knowledge, this is the first study to examine changes in coordination in healthy

adults on an uneven surface, which makes comparisons with other studies difficult.



Comparability is further complicated by differences in methodologies used to quantify
coordination in the gait literature, some of which are more susceptible to bias than others. Past
works examining lower-limb coordination during gait reported (i) no change in Knee-Hip and
Ankle-Knee coordination during obstacle-crossing, when comparing younger and older adults
[13]; and (ii) large correlations between slower walking speeds and less coordinated Foot-Shank
coupling during late stance phase in older adults [33]. Similar to uneven walkways, both obstacle
crossing and slower gait represent a more complex task for the neuromuscular motor system;
however, these works present conflicting results, both supporting and refuting the notion that
coordination changes with task complexity. Else, others found older, compared to young adults
adopted more in-phase coordination during early-mid stance in the Shank-Thigh and Foot-Shank
couples; but did not compare these across different walking surfaces [10, 11]. While our findings
suggest that an uneven surface prompts more in-phase behavior to a greater extent in older

adults, the impact of uneven surfaces on lower-extremity coordination requires further study.

4.3. Age and surface-related changes in inter-joint coordinative variability (DP)

Consistent with our first hypothesis, an uneven surface prompted more variable Ankle-Knee
and Knee-Hip coordination (higher DP) across most of the gait cycle (Table 2). Contrary to our
second hypothesis, however, greater inter-joint coordinative variability was observed largely
independent of age. Given these changes occurred in parallel between younger and older healthy
adults, modest increases in lower-limb variability are likely functional and reflective of
adaptations to the increased demands of an irregular surface [8]. In line with our second
hypothesis, this more variable response was accentuated in older, compared to young adults

during mid-swing. The implications of this finding, however, are less clear. Functional motor



control is proposed to occur across an ‘optimal range’ of variability, where excessive variability
can reflect an unstable movement pattern [8, 34]. However, when considering our sample
(healthy older adults, no history of falls) and past work reporting reduced Ankle-Knee variability
during swing phase in fall-prone older adults [9]; categorizing our observations as dysfunctional
may not be warranted. Rather, this strategy may simply reflect a more cautious older adult group
cognizant of toe clearance on an uneven surface.

While studying kinematic measures of gait variability (e.g. step length) is common,
examining intra-limb coordination variability, particularly with respect to walking surfaces, is
more novel. Past work linked greater toe-clearance with greater variability of Knee-Hip and
Ankle-Knee couples in the leading leg during obstacle crossing in older adults [13]. While we
observed a similar behavior on an uneven surface (i.e. more variable lower extremity coupling);
with the exception of Ankle-Knee coupling during mid-swing, this occurred mostly independent
of age. In-line with our findings, Byrne and colleagues reported increases in Foot-Shank
variability for both younger and older adults, in response to more challenging walking condition
(asymmetrically loaded leg) [11]. Whereas, Chui et al. linked greater Ankle-Knee variability
during stance in fall-prone older adults with poor dynamic balance scores, our data suggest that

this response was due to the walking surface [9].

4.4. Limitations

Our findings should be interpreted in light of several limitations. First, our walking
environment may not have been sufficiently challenging to generate large changes in
neuromuscular control. Our investigation was limited to the sagittal plane; thus, we cannot

extrapolate these findings to other planes of movement. Variability was analyzed using four



walking trials; there are no measurement standards for variability and recording additional trials
may have yielded different results. Some researchers have performed coordination analyses
using joint angles [9, 12], while others have preferred reporting segment angles [10, 11]. The two
approaches may produce slightly different findings; however, we have chosen the former as joint
angle-based analyses are more familiar to the gait analysis community and may aid in wider

adoption of coordination metrics.

5. Conclusion

In conclusion, an uneven walking surface prompted more tightly coordinated and more
variable patterns of Ankle-Knee and Knee-Hip coupling during walking in healthy adults. These
changes were accentuated in older adults during early stance (i.e. more in-phase) and mid-swing
phases (i.e. more variable). This response may reflect a cautious gait pattern, or a functional

strategy to help mitigate the risk of falls in older adults.

Code and data associated with this investigation are available at:

https://github.com/PhilD001/crp_irregular_surfaces
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Table 1.

Analysis of variance (ANOVA) results for Mean Absolute Relative Phase (MARP)
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Mean (standard deviation) for all dependent Mean Absolute Relative Phase (MARP) variables

for the Knee-Ankle and Knee-Hip joint pairs during each phase of gait. Statistically significant
surface, age, and age x surface (A x S) interactions effect p-values (p) are shown, bolded
indicates statistical significance of p < 0.05)



Table 2.

Analysis of variance results (ANOVA) for Deviation Phase (DP)
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Mean (standard deviation) for all dependent Deviation Phase (DP) variables for the Knee-Ankle
and Knee-Hip joint pairs during each phase of gait. Statistically significant age, surface, and age
x surface (A x S) interactions effect p-values (p) are shown, bolded indicates statistical
significance of p<0.05).
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Fig 1. Measurement of hip and knee joint kinematics during representative walking trials (trial 1
solid line; trial 2 dashed line; trial 3 dotted line) on an irregular surface and steps to determine
continuous relative phase (CRP) angles. Graphs depict time normalized hip and knee joint angles
(a, b); hip and knee phase angles determined using the Hilbert-transform approach (c, d); knee-
hip CRP angles on a 0-180 degree scale (¢); knee-hip Mean Absolute Relative Phase (MARP),
which quantifies CRP amplitude across multiple trials (f); and knee-hip Deviation Phase (DP),
which quantifies CRP variability across multiple trials (g).
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Fig. 2. Summary of Analysis of Variance (ANOVA) age x surface interaction effects for Mean
Absolute Relative Phase (MARP) and Deviation Phase (DP) of the Ankle-Knee and Knee-Hip
joint pairs comparing Young Adults (YA) and Older Adults (OA) across flat and uneven
walkways during gait. Black filled circle denotes mean, while horizontal line shows quartiles and
median. Significance bar denotes statistically significant difference (p < 0.05).



Flat

180 (a) Fla 180
160 | = 160
140+ 140 1

§120 §120—

;6;100- jgnoo

E’ 80! 3 80

% 60 % 60
40+ 40+
20 —Young 20

— .0l

o
o

o

0o 20 0 60 80 100
% Gait Stance Phase

(c) Flat 180,

160

140

21201
[

CRP (de

0 20 40 60 80 100 0
% Gait Swing Phase

(b) Uneven

20 40 60 80 100
% Gait Stance Phase

(d) Uneven

20 40 60 80 100
% Gait Swing Phase

Fig 3. Ensemble averaged Continuous Relative Phase (CRP) curves for the Ankle-Knee joint pair
in older and younger adults walking on flat and uneven surfaces, separated into stance and swing
phases: (a) flat — stance; (b) uneven — stance; (c) flat — swing; (d) uneven — swing. Vertical lines

denote partitioned gait phases for stance (initial contact,
stance, pre-swing) and swing (initial swing, mid-swing,

loading response, mid-stance, terminal
terminal swing), respectively.



(b) Uneven

180 (a) Flat 180

160

8120
o
100
3
= 80
i
O 60
40 J
20 =—Young 20
— .0ld
0 - L ‘ 0 . - - )
0 20 40 60 80 100 0 20 40 60 80 100
% Gait Stance Phase % Gait Stance Phase
180, (c) Flat 180 (d) Uneven

0 20 40 60 80 100 0 20 40 60 80 100
% Gait Swing Phase % Gait Swing Phase

Fig. 4. Ensemble averaged Continuous Relative Phase curves for the Knee-Hip joint pair in
older and younger adults walking on flat and uneven surfaces, separated into stance and swing
phases: (a) flat — stance; (b) uneven — stance; (c) flat — swing; (d) uneven — swing Vertical lines
denote partitioned gait phases for stance (initial contact, loading response, mid-stance, terminal
stance, pre-swing) and swing (initial swing, mid-swing, terminal swing), respectively.
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