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Abstract

The ability to adapt to environmental and task demands while walking is critical to independent
mobility outside the home and this ability wanes with age. Such adaptability requires individuals
to acutely change their walking speed. Regardless of age, changes between walking speeds are
common in daily life, and are a frequent type of walking adaptability. Here, we report on older
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and younger adults when transitioning from preferred walking speed overground to either slower
or faster walking. Specifically, we evaluated biomechanical parameters prior to, during, and post
transition. Individuals approached the walking speed transition similarly, independent of whether
the transition was to slower or faster walking. Regardless of age or walking speed, the step during
which a walking speed transition occurred was distinct from those prior- and post- transition, with
on average 0.15 m shorter step lengths, 3.6° more hip flexion, and 3.3° more dorsiflexion during
stance. We also found that peak hip flexion occurred 22% later, and peak hip extension (39%),
knee flexion (26%), and dorsiflexion (44%) occurred earlier in stance for both typical to slower
and typical to faster walking. Older adults had altered timing of peak joint angles compared with
younger adults across both acceleration and deceleration conditions, indicating age-dependent
responses to changing walking speed. Our findings are an important first step in establishing
values for kinematics during walking speed transitions in younger and typical older adults.
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Introduction

Independent mobility outside of the home is a primary contributor to quality of life
(Rantakokko et al., 2013; Williams and Willmott, 2012). Walking outside of the home
(community ambulation) requires complex gait adaptability in response to environmental
or task demands. Adaptability consists of numerous domains — including the ability to
acutely speed up (e.g., crossing a crosswalk) or slow down (e.g., navigating a crowd)
(Balasubramanian et al., 2014). Adaptability is a distinguishing factor between those with
mobility disability (difficulty walking a quarter of a mile or an inability to climb 10 stairs
without rest (Seeman et al., 2010)) and those without (Shumway-Cook et al., 2002). As
individuals age, community ambulation decreases (Shumway-Cook et al., 2007, 2002), in
part due to deficits in complex gait adaptability.

Older adults (OA) exhibit different spatiotemporal gait parameters and joint angles when
walking compared with younger adults (YA) (Herssens et al., 2018), contributing to the
functional limitations associated with older age (Almarwani et al., 2016). OA have slower
gait speed, reduced step length, increased step width, reduced peak ankle plantarflexion
during stance, greater peak hip flexion, and reduced hip extension when compared with

YA (Boyer et al., 2017; Hollman et al., 2011; Laufer, 2005; Voss et al., 2020). These age-
associated differences have been linked to increased fall risk (Barak et al., 2006; Kerrigan et
al., 2001; Verghese et al., 2009).

Some age-related differences in walking can be attributed to slower speed. The generalized
effect of gait speed on spatiotemporal gait parameters and joint angles has been well
established (Fukuchi et al., 2019; Kirtley et al., 1985). A meta-analysis indicated that
faster gait speeds are associated with increased step length, increased peak hip flexion and
increased peak ankle plantarflexion during stance (Fukuchi et al., 2019), while slower gait
speeds are associated with the opposite. Slower gait speeds are also associated with wider
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steps (Stimpson et al., 2018), and reduced peak hip extension during stance (Fukuchi et al.,
2019). Nevertheless, when gait speed is held constant, the effects of age on gait parameters
are still evident (Boyer et al., 2017; Kerrigan et al., 1998).

Aging and gait speed impact lower limb kinematics during gait. OA tend to walk slower than
YA, and thus the reductions in step length, range of motion in the lower limb, and increases
in double support time are amplified (Boyer et al., 2017; Kang and Dingwell, 2008; Ko

et al., 2010). However, a summative effect occurs with gait changes persisting regardless

of walking speed (Fukuchi et al., 2019). Despite the established age and speed effects on
walking parameters, the effects of walking speed transitions (i.e., walking from one speed to
one faster or slower) are under-investigated.

The well-studied walk-to-run transition is typically characterized by kinematic and kinetic
differences in pre-, during- and post-transition strides (Hreljac et al., 2007; Segers et al.,
2013, 2006). However, the walk-to-run transition is not commonly utilized in tasks of

daily living, especially by OA. Understanding transitions between different walking speeds
is more applicable to experiences of community ambulation and may highlight fall risks.
Indeed, clinical assessments like the Dynamic Gait Index incorporate walking speed changes
to asses fall risk and balance problems (Shumway-Cook et al., 2013).

Researchers who studied acceleration during walking found that propulsive impulses
increased with walking speed (Peterson et al., 2011). Knee flexor and ankle plantarflexor
moment impulses were related to these propulsive impulses. However, the authors did

not separate gait cycles related to the transition phases (i.e. pre-, during-, and post-speed
change). In such a case, we might expect to see shorter step times, longer step lengths and
increased hip flexion during and following a transition to faster walking.

Understanding walking speed transitions and how they are affected by age is an important
step in understanding age-related declines in community ambulation. Here, we obtained
spatiotemporal and kinematic parameters in steps prior to, during, and following transition
from the preferred walking speed to either self-selected faster (normal-to-fast, NF) or slower
(normal-to-slow, NS) walking in both YA and OA. We hypothesized pre-transition steps will
be characterized by typical gait characteristics for the age group, post-transition steps will
be characterized by changes in lower limb kinematics associated with either slower or faster
speed, while during-transition steps will be different to both pre- and post-transition steps.
We also hypothesized age will impact these changes, with OA showing a smaller response
compared with YA (Fig. 1).

Methods

Thirty-eight healthy adults (14 younger [age: 23 £ 4 y; height: 1.70 £ 0.11 m; mass: 68.65 +
13.58 kg; 6 male] and 24 older [age: 75 + 4 y; height: 1.71 + 0.10 m; mass: 76.08 + 14.65
kg; 14 male]) provided written informed consent prior to data collection. Inclusion criteria
for typical OA over the age of 70 was a Short-Physical Performance Battery score > 10,

and an ability to complete a 400 m walk test within 15 min. YA were included if they were
between 20 and 40 years and free of medical problems that may impact walking. Participant
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exclusion criteria is available in supplementary material. This study was approved by the
University Institutional Review Board. Reflective markers were placed according to the
Plug-In-Gait marker set and recorded at 100 Hz by 16 cameras (Vicon, Oxford Metrics
Inc.). Similar to the Dynamic Gait Index (Shumway-Cook et al., 2013), participants were
instructed to “begin walking at your typical comfortable pace. When [ tell you slow, walk
at the slowest possible speed that still feels natural. When I say o, walk at your fastest
saffe speed without running or jogging.” Individuals performed 5 trials each of NF and NS
walking over a 10 m walkway. Order of transition was randomized.

Gait events were identified from marker trajectories with custom code, detecting foot contact
as defined in De Asha et al. (2012) and foot off as in Fellin et al. (2010). Data were filtered
with a zero-lag low-pass Butterworth filter with 10 Hz cut-off, and the dynamic Plug-In
Gait Model was used to obtain YXZ Cardan joint angles and whole body center of mass
(CoM) position. Forward CoM velocity was calculated and plotted in Matlab (Mathworks
Inc.). Within a user-selected range covering the period in which there was a substantial
change in CoM velocity (exceeding normal cyclical variation), the transition point was
defined as the point that immediately preceded the shift in forward CoM velocity (for NF
trials, a trough; for NS trials, a peak; Fig. 2). Each step was analyzed with respect to

the transition point and classified. When a step occurred prior to the transition point, it
was considered pre-transition; when a step occurred following the transition point, it was
considered post-transition. If the transition point occurred during a step, it was considered
during-transition (Fig. 2). For each step, the variables outlined in Table 1 were obtained,
and all pre-transition steps were averaged together, as were all post-transition steps and
during-transition steps within a participant.

Statistical Analysis:

Two repeated-measures mixed MANOVAs were run (1: NF, 2: NS) with a within-subjects
factor (phase: pre-, during-, or post-transition) and a between-subjects factor (group: YA
or OA). a was set at the level of 0.05 but was adjusted with Dunn-Bonferroni corrections
for multiple comparisons, including 95% confidence interval adjustments. All statistical
analyses were performed in SPSS (IBM, version 26). For meaningful interpretation, we
provide partial eta squared (17,,2) values for effect sizes: small effect T/pZ =0.01, medium
effect 7,2 = 0.06, large effect 7,> = 0.14 (Cohen, 1988).

3. Results

Normal-to-slower walking:

As anticipated, both YA and OA had the fastest CoM velocity occurring pre-transition and
reducing to the slowest velocity at post-transition (Table 2, all p <0.001, qu =0.879). Both
groups had least variability (coefficient of variation — CV) of CoM velocity pre-transition
compared with during- and post-phases (Table 2, all p < 0.013).

The during-transition step was the shortest for both groups, and longest steps occurred
pre-transition (Table 2, all p <0.001, 7, = 0.986). Both OA and YA had greater step length
CV post-transition compared with pre- (Table 2, all p < 0.022).
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OA had narrower pre-transition steps than either during- or post-transition (Table 2, all

p <0.00, npz = 0.174), while YA did not alter step width (Table 2, all p = 0.398). OA

had greatest step width CV pre-transition compared with during- and post-transition phases
(Table 2, all p < 0.009), whereas YA had greater step width CV post-transition compared
with during-transition (Table 2, p = 0.013).

Hip flexion angle was significantly different at all phases for both groups, with greatest hip
flexion during-transition (Table 3, all p < 0.047, qu = 0.725). Both groups produced hip
flexion later in the during-transition step compared with other steps (Table 4, all p < 0.001,
npz = 0.798). OA produced hip flexion later than YA in the during-transition step (Table 4, p
=0.01, 7,2 = 0.168). Hip flexion timing CV was different between age groups (Table 4, p =
0.034, qu = 0.115), although not significantly different across phases (all p = 0.055).

Hip extension did not differ for YA, yet OA had less hip extension when walking slower
post-transition than during transition (Table 3, p < 0.001, 7,2 = 0.068). Both groups
produced hip extension earlier in the during-transition step compared with both pre- and
post-transition steps (Table 4, all p < 0.001, 7,~ = 0.765). Hip extension timing CV was
greatest during transition for both groups (all p < 0.016), and there were no significant
differences between groups at any phase (all p = 0.153).

Knee flexion was greatest at the during-transition step for both OA and YA (all p < 0.008,
77p2 = 0.299), but was not different between pre- and post-transition phases (all p = 0.231).
All adults produced knee flexion earlier in the stance phase of the during-transition step
compared with other phases (Table 4, all p <0.021, 77p2 = 0.495). OA had reduced variability
in peak knee flexion angle compared with YA in both during- (p = 0.027, Table 3) and
post-transition (p = 0.013, Table 3) phases.

YA had increased plantarflexion during-transition than either pre- or post-transition phases
(Table 3, all p < 0.011, 7,2 = 0.248), while OA did not change. OA produced plantarflexion
earlier than YA for both pre- and post-transition phases (Table 4, all p < 0.026, qu =0.132).

Both OA and YA had increased dorsiflexion during-transition steps (Table 3, all p <
0.001, 77,,2 = 0.622), and pre- and post-transition phases were not different. OA were more
dorsiflexed than YA during all phases (Table 3, all p < 0.045, npz =0.126), and produced
peak dorsiflexion later pre- and post-transition (Table 4, all p < 0.016, 7, = 0.138). YA
produced peak dorsiflexion in the during-transition significantly earlier than pre-transition
(Table 4, p = 0.014). YA had the lowest dorsiflexion timing CV during-transition (all p <
0.035), while OA had no differences. OA had less peak dorsiflexion timing CV than YA
both pre- and post-transition (Table 4, all p < 0.002, 7,2 = 0.335).

Normal-to-faster walking:

CoM velocity in OA during-transition and pre-transition steps was significantly slower than
post-transition (Table 2, all p < 0.001, npz = 0.992). YA showed incremental increases,

with fastest CoM velocity occurring post-transition (Table 2, all p < 0.001). Post-transition
velocity CV was greater than other phases for OA (all p < 0.023, 7,2 = 0.384), while YA saw
lowest velocity CV during pre-transition phase (all p < 0.002). There was a significant phase
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* group interaction for velocity CV (p = 0.007, npz = 0.166), but none of the phases were
significant between age group (all p = 0.091).

For both groups, during-transition step length was shortest, (Table 2, all p < 0.001, an =
0.989). OA had reduced step length CV than YA during-transition (p = 0.004, 7,2 = 0.223),
and saw step length CV greatest post-transition and least variable during-transition (all p <
0.001, 7,2 = 0.858).

OA took wider during-transition steps compared with other phases (Table 2, all p < 0.001,
qu = 0.264), yet YA only saw an increase in during-transition step width compared to
post-transition steps (p = 0.011). Step width CV was consistently greater in OA than YA

(all p<0.043, npz = 0.226), with OA showing the least variability during-transition (all p <
0.003, 7,2 = 0.388). YA were less variable during-transition than post-transition (p < 0.001).

There were large, significant effects of phase on hip flexion (Table 3, p < 0.001, npz =
0.734), knee extension (p = 0.004, n,~ = 0.143), plantarflexion (p < 0.001, 7,~ = 0.204), and
dorsiflexion (p < 0.001, 7,2 = 0.722). However, age did not alter the pattern.

During-transition steps had the greatest hip flexion compared to pre- and post-transition

for both OA and YA (Table 3, all p < 0.001). OA had significantly less hip extension
post-transition than during-transition step (Table 3, p = 0.035) but no other phases were
significantly different. Both YA and OA had greater knee flexion during-transition compared
with post-transition (Table 3, all p < 0.035). OA saw no difference in plantarflexion, but YA
had less plantarflexion pre-transition compared with during-transition (Table 3, p = 0.024)
with no other phases different. Phase had no effect on joint angle CV (all p = 0.159),
although there was an age effect in hip flexion CV (p = 0.041, 7,2 = 0.111).

OA produced hip flexion (Table 4, p = 0.009, 7,2 = 0.121) in the during-transition step and
dorsiflexion (Table 4, p = 0.005, 7, = 0.188) in the pre-transition steps later than YA. Hip
extension (Table 4, p = 0.037, 7,2 = 0.096) in the during-transition step and plantarflexion
(Table 4, p = 0.006, npz = 0.211) in the pre-transition steps occurred earlier in stance for OA
than YA. For both groups, hip flexion occurred later in the during-transition step than either
pre- or post-transition (all p < 0.11). During-transition step hip extension (all p < 0.001) and
knee flexion (all p < 0.003) occurred earlier than other phases for both groups. Hip extension
timing CV was greater during-transition compared with both pre- and post-transition (all

p < 0.001, 7,2 = 0.408) for OA. YA produced plantarflexion later in pre-transition steps
than either during- or post-transition (all p < 0.001), while OA did not change. Dorsiflexion
occurred earlier during-transition than pre- and post- for both YA (all p < 0.001) and OA (all
p < 0.009). Peak dorsiflexion timing CV was less in OA than YA pre-transition (p = 0.008,
qu =0.160), and YA produced dorsiflexion earlier pre-transition than post-transition (p <
0.001).

4. Discussion

Here, we investigated walking speed transitions in YA and OA and found the step during
which the speed transition occurred was distinct from steps prior and following transition,
in agreement with our initial hypothesis. For NS and NF conditions, both groups had
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significantly shorter step lengths, more hip flexion, and increased dorsiflexion during the
transition step. Peak hip flexion occurred later, while peak hip extension, knee flexion,

and dorsiflexion occurred earlier during stance of the during-transition step. The during-
transition step for both OA and YA was narrower for the NF condition, while YA increased
plantarflexion earlier in stance for the NS condition.

As expected for NS, gait speed decreased at each phase. This was accompanied by
reductions in step length, although the shortest step was the one where the speed transition
occurred. Reduced step lengths are associated with higher braking forces (Martin and
Marsh, 1992). While we did not collect braking forces, this reduced length during speed
transitions may drive the observed deceleration (Peterson et al., 2011). In the NF condition,
we observed an average increase in gait speed of 0.49 m/s with increased step length,
although the during-transition step persisted in having the shortest step length. In this case,
the shorter step may allow for a shorter ground contact time which can increase propulsive
impulses (Peterson et al., 2011). The during-transition step was narrower for both OA and
YA in the NF condition, distinct from steps before and after the speed change. Reduced
step width decreases stability, and our observations are similar to those previously reported
(Hak et al., 2012). While Hak and colleagues observed an increase in step width (and shorter
steps) when responding to a walking perturbation, they concluded local stability reduces in
response to a perturbation, like a change in walking speed.

Spatiotemporal findings appear to be a by-product of joint angle changes. We hypothesized
stance limb hip extension would reduce over time in the NS condition, but it did not change.
However, during-transition there was increased hip flexion, knee flexion, and dorsiflexion.

Increased flexion combined with altered step length could be contributing to increased
energy absorption in the joints (e.g., Gordon et al., 1980), leading to the observed
deceleration. In the NF condition, YA increased plantarflexion in the during-transition step
by an average of 2.6°, although OA did not. Hip flexion and dorsiflexion increased during-
transition when compared to post-transition values, while hip extension also increased for
OA. This is unexpected as increased hip flexion and dorsiflexion would increase braking
force (Lieberman et al., 2015), and increased walking speed can be effected through
reducing braking force (Peterson et al., 2011). Increased joint flexion may be indicative

of a preparation for propulsion at the hip and ankle, which could explain the similar walking
speed for pre- and during-phases in OA.

In the NF condition we saw hip extension occurring 40% earlier in the stance phase in the
transition step, and an insignificant increase in peak hip extension, yet this is not coordinated
with ankle plantarflexion timing. Acceleration during running is partially achieved through
coordinated extension of the ankle, knee and hip joints creating a stiffer lower limb (Hewit
et al., 2011). Walking is not expected to follow identical patterns to running. Hip extension,
knee flexion, and dorsiflexion occurred much earlier in stance of the during-transition step
for both age groups, suggesting the control strategy does alter when changing speed. In NS,
we observed a delay in the time to peak hip flexion in the during-transition step, while hip
extension and knee flexion occurred earlier. Joint kinematic timing may be a contributor to
changing walking speed. Indeed, the timing of peak joint angles, moments, and powers have
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been implicated in walk-to-run transitions (Diedrich and Warren, 1995; Pan et al., 2021;
Seay et al., 2006), thus further analysis of joint work and electromyographic analysis of the
lower limb muscles is necessary.

We observed age differences in both NS and NF conditions. In NS, OA had more
dorsiflexion at all phases and produced less knee flexion during- and post-transition
compared with YA, similar to Monaco et al., (2009). OA rely on more proximal joints

for forward propulsion (DeVita and Hortobagyi, 2000) and our results suggest OA may
have less energy absorption capacity at more distal joints. During-transition, OA produced
peak hip flexion later than YA, possibly indicating a delayed response to energy absorption
strategies to elicit braking. OA produced peak plantarflexion earlier and dorsiflexion later
than YA at both pre- and post- transition phases, suggesting an age-associated difference
in ankle kinematics during walking that disappears when actively decelerating. In NF, OA
produced hip flexion later and hip extension earlier than YA. These findings further support
OA may be driving acceleration from the hip.

An important limitation to consider is that gait speed can affect the variables we measured
(Fukuchi et al., 2019), and we did not control for walking speed in our analysis. However,
walking speed was not different between age groups at any phase and the step during which
a speed transition occurs was distinct from those either pre- or post-transition, regardless

of acceleration or deceleration. To ensure individuals were not approaching the anticipated
transition differently between conditions, we ran a paired #test on the pre-transition steps.
There were no differences in pre-transition variables between NS and NF, regardless of age
group (all p = 0.176), suggesting the approach to accelerating or decelerating walking speed
was similar.

Prior research has shown women have different gait patterns to men, especially as they age
(Ko et al., 2011). Despite being underpowered to investigate sex differences, we find distinct
differences between NS and NF conditions at the three phases across both age-groups, thus
we do not anticipate the inclusion of more than one sex to affect our results.

Our approach to identify the transition point was based on change in velocity. In subsequent
data collections, we implemented a marker display when the verbal cue to change speed

was given. In post-hoc analysis of these trials, we used both the marker and the change

in velocity approach to define the transition point. Consistently, the step during which the
transition point occurred was 1 step (0.26-0.48 s) earlier with the marker compared with the
change in velocity. It takes time to process an audio cue to change behavior and this could be
an interesting future direction of this work.

We looked solely at peak joint angles and their timings during the stance phase. While we
found clear age- and phase-differences in walking speed transitions using this approach, an
analysis of angle curves may elucidate further differences of interest.

The ability to speed up or slow down gait speed in response to environmental and task
demands is vital to independent community ambulation. Here, we have shown that the step
during a speed transition is distinct from those steps prior- and following-transition for both
YA and OA. While we anticipate gait speed transitions may highlight mobility deficits,
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more research is needed to see if this approach is sensitive in individuals with mobility
disability and underlying movement disorders. The present study is an important first step in
establishing normative lower limb kinematics for gait speed transitions in younger and older
adults.
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Fig. 1.
Graphical representation of hypothesized changes in spatiotemporal variables and joint

angles across all phases of the transition (during-transition step shown by the dashed line)
for preferred speed to slower (Normal-Slow) and preferred speed to faster (Normal-Fast)
walking in younger adults (blue) and older adults (orange). Arrows indicate pre- to post-
direction, while “smaller” and larger” indicate relative variable magnitude. The pre-post
range in variable magnitude is highlighted by box size. Anticipated age-related differences
are indicated by horizontal differences in either end of the highlighted box, which would
indicate a difference in pre- or post- values across age groups, or by the dashed lines being
horizontally offset, indicating the during-transition step value being different across age
groups. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2.
Schematic of procedure to determine the point of transition. Forward center of mass

(CoM) velocity trace with graphical representation of user-selected range (yellow box) and
mathematically identified transition point (red cross), with corresponding left (green) and
right (red) steps depicted. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Table 1

Spatiotemporal and joint angle definitions.

Variable

Definition

Stance limb

Spatiotemporal Parameters
Mean center of mass (CoM)
velocity

Step length

Step width

Joint Angles

Stance limb hip flexion

Stance limb hip extension
Stance limb knee flexion

Stance limb ankle plantarflexion
Stance limb ankle dorsiflexion

Timing of Joint Angles
Timing of peak hip flexion

Timing of peak hip extension
Timing of peak knee flexion
Timing of peak plantarflexion

Timing of peak dorsiflexion

The limb whose heel strike starts a gait cycle: e.g. if a gait cycle was right foot contact to right foot
contact, the right limb would be the stance limb and the left would be the opposite.

Forward velocity of the center of mass averaged over the duration of the step.

The average anterior-posterior distance from stance limb heel marker to the opposite limb heel marker
between the time from opposite limb heel strike to stance limb toe off.

The average mediolateral distance from stance limb heel marker to opposite limb heel marker between the
time from opposite limb heel strike to stance limb toe off.

Peak hip flexion angle (positive values) on the stance limb, during the stance phase (incorporating both
double and single support).

Peak hip extension angle (negative values) on the stance limb, during the stance phase (incorporating both
double and single support).

Peak knee flexion angle (positive values) on the stance limb, during the stance phase (incorporating both
double and single support).

Peak ankle plantarflexion angle (negative values) on the stance limb, during the stance phase
(incorporating both double and single support).

Peak ankle dorsiflexion angle (positive values) on the stance limb, during the stance phase (incorporating
both double and single support).

Stance phase was normalized to 100%, and time at which peak hip flexion occurs is reported as percentage
of stance phase

Stance phase was normalized to 100%, and time at which peak hip extension occurs is reported as
percentage of stance phase

Stance phase was normalized to 100%, and time at which peak knee flexion occurs is reported as
percentage of stance phase

Stance phase was normalized to 100%, and time at which peak plantarflexion occurs is reported as
percentage of stance phase

Stance phase was normalized to 100%, and time at which peak dorsiflexion occurs is reported as
percentage of stance phase
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