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Gait variability is generally associated with falls, but specific connections remain disputed. To reduce
falls, we must first understand how older adults maintain lateral balance while walking, particularly
when their stability is challenged. We recently developed computational models of lateral stepping,
based on Goal Equivalent Manifolds, that separate effects of step-to-step regulation from variability.
These show walking humans seek to strongly maintain step width, but also lateral position on their path.
Here, 17 healthy older (ages 60+) and 17 healthy young (ages 18-31) adults walked in a virtual environ-
ment with no perturbations and with laterally destabilizing perturbations of either the visual field or
treadmill platform. For step-to-step time series of step widths and lateral positions, we computed vari-
ability, statistical persistence and how much participants directly corrected deviations at each step. All
participants exhibited significantly increased variability, decreased persistence and tighter direct control
when perturbed. Simulations from our stepping regulation models indicate people responded to the
increased variability imposed by these perturbations by either maintaining or tightening control of both
step width and lateral position. Thus, while people strive to maintain lateral balance, they also actively
strive to stay on their path. Healthy older participants exhibited slightly increased variability, but no dif-
ferences from young in stepping regulation and no evidence of greater reliance on visual feedback, even
when subjected to substantially destabilizing perturbations. Thus, age alone need not degrade lateral
stepping control. This may help explain why directly connecting gait variability to fall risk has proven
difficult.
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1. Introduction et al., 2012), but may or may not predict future falls (Paterson

et al, 2011; Verghese et al., 2009). Likewise, experimental findings

Over 25% of older adults (age > 65) fall each year, often result-
ing in injury and increased morbidity and mortality (Bergen et al.,
2016). Falls are difficult to predict because they result from many
intrinsic and extrinsic factors, including age-related physical and/
or cognitive deficits and/or environmental challenges to stability
(Fischer et al., 2014; Robinovitch et al., 2013). Since most falls
occur while walking (Kelsey et al., 2012), changes in how older
adults regulate their stepping movements from step-to-step may
affect their fall risk.

Older adults typically exhibit increased gait variability (Kang
and Dingwell, 2008b) that is associated with fall history (Toebes
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vary widely as to which increases in variability of which stepping
variables contribute to falls (Brach et al., 2005; Moe-Nilssen and
Helbostad, 2005; Owings and Grabiner, 2004). Further, the causes
of this variability remain unclear. Variability likely results partly
from increased physiological noise (Christou, 2011) that may be
detrimental (Roos and Dingwell, 2010; Taylor et al., 2013). Con-
versely, people also purposefully adjust foot placement at each
step (Matthis et al., 2017) to maintain balance (Macdonald, 2009;
Oddsson et al., 2004), introducing variability that may be beneficial
in a changing environment (Twardzik et al., 2019). Indeed, intrinsic
redundancy itself contributes to variability (Todorov, 2004). Before
we can determine how stepping variability relates to fall risk, we
must first determine the extent to which different underlying
sources (noise vs. redundancy vs. control) contribute to the vari-
ability of which gait variables (e.g., step time, step width, etc.) in
what ways (i.e., beneficial or detrimental).
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We have developed frameworks that disambiguate the rele-
vance of different stepping variables and the sources of their vari-
ability. These frameworks propose goal functions to theoretically
define a task and determine the sets of all possible stepping solu-
tions as a Goal Equivalent Manifold (GEM) (John et al., 2016).
Applied to the sagittal plane, these GEM-based frameworks
demonstrate that humans directly correct deviations in stride
speed, but allow fluctuations in stride length and time to persist
(Dingwell and Cusumano, 2015; Dingwell et al.,, 2010). Several
studies independently replicated our main predictions (Decker
et al.,, 2012; Roerdink et al., 2015, 2019; Terrier and Dériaz,
2012). Importantly, increases in sagittal plane gait variability were
not attributed to changes in stepping regulation in healthy older
adults (Dingwell et al., 2017).

Understanding lateral stepping regulation is also critical (Bruijn
and van Dieén, 2018), as humans are more unstable laterally
(McAndrew et al., 2011; O’Connor and Kuo, 2009), and older adults
prioritize maintaining lateral balance over energetic cost (Dean
et al., 2007). We recently extended our GEM-based framework to
identify goal functions for lateral stepping regulation. In that
framework, multi-objective control models demonstrate that dur-
ing unperturbed walking, healthy adults seek primarily to main-
tain step width, but also to maintain some absolute lateral
position on their path (Dingwell and Cusumano, 2019). Here, we
apply this new framework to healthy older adults walking both
without and with lateral perturbations. This is a critical first step
to disambiguate the relevance of different lateral stepping vari-
ables and to identify what sources give rise to stepping variability.

Determining how regulating lateral stepping affects lateral bal-
ance requires assessing stepping regulation in destabilizing envi-
ronments. Subjecting participants to lateral perturbations while
walking leads to increased variability and local dynamic instability
in young and older adults (Francis et al., 2015; McAndrew et al.,
2010, 2011). While participants in those experiments never actu-
ally fell, their risk of falling likely increased, as it would take a much
smaller additional perturbation to induce an actual fall (McAndrew
et al., 2010), as confirmed by modeling (Roos and Dingwell, 2010;
Su and Dingwell, 2007). Thus, to understand how age and chal-
lenges to stability may invoke meaningful changes in stepping reg-
ulation, it is important to study frontal plane stepping strategies of
older adults walking in such destabilizing environments.

Here, we applied destabilizing lateral perturbations to determine
how healthy young and older adults alter frontal plane stepping to
maintain stability. We applied our GEM-based framework for lateral
stepping regulation to quantify gait variability and step-to-step reg-
ulation with respect to defined task goals of maintaining step width
and lateral body position (Dingwell and Cusumano, 2019). We
hypothesized that when walking in destabilizing environments,
healthy adults would “tighten” their stepping regulation, increasing
priority to maintain step width and/or position. With respect to age,
older adults might exhibit greater difficulty maintaining lateral
stepping because lateral balance requires greater active control in
this population (Dean et al., 2007). Conversely, healthy older adults
might instead retain their capacity to regulate lateral stepping
despite increased physiological noise (Christou, 2011), as they do
for sagittal stepping (Dingwell et al., 2017) and possibly also for lat-
eral stepping (Eckardt and Rosenblatt, 2018). The present study
directly tested these competing hypotheses.

2. Methods
2.1. Participants

Seventeen young healthy (YH) and 19 older healthy (OH) adults
initially participated. All participants were screened to ensure their

gait was not affected by any cardiovascular, neurological, visual, or
musculoskeletal injuries, surgeries or conditions. All participants
provided written informed consent, as approved by the University
of Texas IRB. Two OH participants used the handrails to maintain
balance during walking trials. These participants were excluded
from all subsequent analyses, which were conducted on the
remaining 17 YH and 17 OH adults (Table 1).

We measured participants’ body mass, height, leg length, and
body mass index. Physical performance assessments included
Timed Up and Go (Podsiadlo and Richardson, 1991), Four Square
Step Test (Dite and Temple, 2002), average maximum left/right iso-
metric quadriceps strength (Salinas et al., 2017), and preferred
overground walking speed (Kang and Dingwell, 2008a). Cognitive
assessments included the Mini-Mental State Exam (Folstein et al.,
1975) and the 10-point abbreviated Iconographic-Falls Efficacy
Scale (Delbaere et al., 2011). Two-sample t-tests assessed differ-
ences in participant demographic and assessment characteristics.

2.2. Protocol

Participants walked in a “V-Gait” virtual reality system (Fig. 1A)
that integrates an instrumented treadmill, immersive virtual real-
ity, and motion capture (Motekforce Link, Amsterdam, Nether-
lands). Participants wore their own comfortable walking shoes
throughout. Participants wore a safety harness attached to an
external frame and were encouraged not to use available handrails.

Participants first completed a 3-min acclimation where tread-
mill speed was gradually increased from 50 to 90% of their pre-
ferred overground walking speed (Table 2). For all subsequent
trials, treadmill speed was set to 90% of preferred. Forward speed
of the visual optic flow was always matched to the treadmill speed.
Participants walked under each of 3 conditions: with no perturba-
tions (NOP), or with continuous lateral oscillations of the visual
field (VIS) or treadmill platform (PLAT) (McAndrew et al., 2010).
Oscillations were pseudorandom to prevent entrainment (Warren
et al., 1996), and confined to the lateral direction (O’Connor and
Kuo, 2009).

The order of presentation of conditions was balanced across
participants, with all same-condition trials presented consecu-
tively. Participants completed three trials of 3-min each for each
condition. The first trial of each VIS and PLAT condition was an
acclimation trial: perturbation magnitudes were gradually
increased from 50 to 100% over the first 2 min. Participants rested
(~2-min) between trials. Participants were instructed to “try to
walk normally and look straight ahead.”

During NOP trials, participants walked with no perturbations.
During PLAT trials, the treadmill surface translated pseudoran-
domly (Fig. 1B) with normal visual optic flow. During VIS trials,
the visual field translated pseudorandomly while the treadmill
remained stationary. The virtual scene included a path through a
forest (Fig. 1A). White posts (2.4 m tall; every 3 m) lined the path

Table 1
Young healthy and older healthy participant characteristics. All values except sex are
given as mean # standard deviation. Two-sample t-test (equivalent to a single-factor
ANOVA in this case) p-values that indicate significant group mean differences are
bolded.

Characteristic: Young healthy Older healthy p-value
(YH): (OH):
Sex [M/F] 8/9 7/10 N/A
Age [yrs] 23.7+£3.7 67.5+49 <0.001
Body height [m] 1.72 £ 0.1 171+ 0.1 0.772
Body mass [kg] 64.5 +12.5 733 +18.9 0.118
Body mass index [kg/m?] 21.7 £3.2 249 +54 0.042
Leg length [m] 0.89 + 0.05 0.90 + 0.05 0.453
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Treadmill spans 1 m

Fig. 1. (A) Photo of a typical participant walking in a Motek system that integrates
an instrumented treadmill, motion capture, and immersive virtual reality. (B)
Example sequence of the continuous, pseudorandom oscillations of the treadmill
that provided destabilizing perturbations. Visual field oscillations (not shown) used
the same pattern. (C) Schematic that demonstrates the primary lateral stepping
variables that can be regulated from step-to-step (Dingwell and Cusumano, 2019):
lateral positions of each foot (z; and zg), absolute lateral body position (z; proxy for
center-of-mass), change in lateral position (Azp; proxy for ‘heading’ or lateral
speed), and step width (w).

Table 2

Young healthy and older healthy physical and cognitive assessment results. All values
are given as mean * standard deviation. Two-sample t-test (equivalent to a single-
factor ANOVA in this case) p-values that indicate significant group mean differences
are bolded.

Assessment: Young healthy Older healthy p-value

(YH): (OH):
Manual Max. Quad. Strength [N] 75.1 + 23.9 75.4 £ 23.9 0.520

Timed up and go [s] 8.06 + 1.20 8.66 + 1.08 0.139

Four square step test [s] 7.18 +1.53 9.07 + 2.07 0.005

Preferred overground walking 1.46 £ 0.15 135+0.14 0.033
speed [m/s]

Mini mental state exam [/30] 292 +13 28.1+22 0.082

Icon falls efficacy scale [/40] 13115 149 + 4.5 0.125

to increase motion parallax (Bardy et al., 1996). Medio-lateral per-
turbations were pseudorandom (Fig. 1B), similar to those used pre-
viously (McAndrew et al., 2010):
D(t) =A-[1.0sin(0.16 - 27t) + 0.8sin(0.21 - 27t)

+1.4sin(0.24 - 27t) + 0.5s5in(0.49 - 27t)] (1)

where D(t) is the lateral translation distance (m), A is a scaling fac-
tor and ¢ is time (s). PLAT and VIS oscillations were scaled to ampli-
tudes of A = 0.015 and A = 0.25, respectively.

2.3. Motion capture

Each subject wore 16 retroreflective markers. Four markers
each were placed on the head (left and right forehead and back-
head), pelvis (left and right Posterior Superior Iliac Spine (PSIS), left
and right Anterior Superior Iliac Spine (ASIS)), and on the shoe sur-
face, aligned with various foot landmarks (lateral malleolus, calca-
neus, first and fifth metatarsal heads). Four additional markers
were placed on the treadmill platform to define a treadmill refer-
ence frame. Kinematic data were collected at 120 Hz from a 10-
camera Vicon motion capture system (Oxford Metrics, Oxford,
UK). Raw data were processed using Nexus (Oxford Metrics,
Oxford, UK). Marker trajectories were exported to MATLAB (Math-
Works, Natick, MA) for further analyses.

2.4. Data analyses

We analyzed only the latter two trials for each condition. Mar-
ker trajectory data were first interpolated to 600 Hz to ensure
accurate stepping-event detection (Bohnsack-McLagan et al,
2016). To account for the moving treadmill platform during PLAT
trials (zny; Fig. 2), foot kinematics were analyzed in the moving
treadmill reference frame.

Each step was defined at heel strike determined using a PSIS-
heel maximum distance algorithm (Zeni et al., 2008). For consis-
tency, we analyzed the N = 230 consecutive steps following the
first 15 s of each trial. Lateral (here, z-coordinate; Fig. 1C) place-
ments of the left and right feet for each consecutive step
ne{l,---,N}, {zin, zgn}, were defined as the lateral positions of
respective heel markers. These {z;,, zg,} define the end effectors
that enact regulation of absolute lateral position (zg,) and step
width (w,) (Fig. 1C) and are directly related as (Dingwell and
Cusumano, 2019):

|:anj| _ % % |:ZLnj| (2)
wy N -1 1 ZRn

For each zg and w time series (Fig. 2), we computed means and
standard deviations. To quantify how stepping fluctuations were
regulated from each step to the next, we computed Detrended
Fluctuation Analysis (DFA) scaling exponents (o) for each zz and
w time series (Dingwell and Cusumano, 2019; Dingwell et al.,
2010). These quantified the amount of statistical persistence in
each time series, independent of variability magnitude (Dingwell
and Cusumano, 2010). Values of o > ¥2 indicate statistical persis-
tence, where a deviation of a parameter value is followed by a sub-
sequent deviation in the same direction. Values of a < ¥ indicate
anti-persistence, where a deviation of a parameter value is fol-
lowed by a subsequent deviation in the opposite direction. Values
of o = ¥ indicate uncorrelated deviations, where deviations from
step-to-step are attributed to noise. Fluctuations with o ~ 0.5 are
typically exhibited by variables that are more tightly regulated,
while fluctuations with o > ¥ (indicating strong persistence) are
typically exhibited by variables that are less tightly regulated
(Dingwell and Cusumano, 2010, 2019).

DFA analyses capture how much participants adjusted zg and w
deviations from each step to the next (Dingwell et al., 2010), but
not how each correction depends on the magnitudes of that devi-
ation (Dingwell and Cusumano, 2019). We therefore also per-
formed a direct control analysis of step-to-step corrections
(Dingwell and Cusumano, 2015). For q € {zg, w}, participants

attempting to maintain some average q exhibit deviations on any
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Fig. 2. Example time series data for a representative trial of a typical participant for
each experimental condition: No Perturbations (NOP), lateral oscillations of the
visual field (VIS), and lateral oscillations of the treadmill platform (PLAT). Each plot
shows 80 consecutive steps of: left (z;; red) and right (zg; blue) foot placements,
step width (w), absolute lateral body position (z3), and position of the treadmill
platform (zry). The position of the treadmill changed only during PLAT condition.
For the plots of z; and zg, the black dashed line indicates the center of the treadmill.
For the plots of w, the blue dashed line indicates the average step width. For the
plots of zg and zyy, the black dashed lines indicate the x-axis (fore-aft) in the lab-
based frame. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

given step of ¢, = g, — g. Each such deviation is corrected on the
subsequent step with a change in the opposite direction: Aq,.; =
Qn+1 — qn. For each time series of zg, and w,, we plotted Aq,.; vs.
q'n (Fig. 3) and computed (via least-squares regression) linear
slopes and strength of correlation (R?). We expected that parame-
ters tightly controlled would be corrected quickly, yielding slopes
close to -1 and higher R? (Dingwell and Cusumano, 2015).

Two factor (Age x Condition) mixed-effects-model analyses of
variance (ANOVA) tested for differences between means, standard
deviations, DFA o exponents, control slopes, and R? values. Standard
deviation variables were first log-transformed to satisfy normality/
linearity requirements. When Condition main effects were

NOP VIS PLAT
M=-026;R2=0.13 M=-020;R2=0.10 M=-0.39;R2=0.19
0.2 | |
N N
~0.1 N N
— . D
S oor e e
AN AN
0.1 N N
0.2 | | AN
0.2 0 0.2 -0.2 0 0.2 -0.2
(zB)n

M =-0.62; R?=0.31 M =-0.58; R =0.29 M =-0.59; R? = 0.29

I
0.2 -0.2 0 0.2 -0.2 0.2
W)’

n

Fig. 3. Example plots for a trial of a typical participant for each of three conditions,
including: No perturbations (NOP), oscillations of the visual field (VIS), and
oscillations of the treadmill platform (PLAT). These plots show how errors in
relative absolute position (zg), and step width (w), were corrected on subsequent
strides: A(w) and A(zp). Each data point represents one step during a trial. Diagonal
red lines indicate least-squares fits for each set of data points. Diagonal, dashed
black lines indicate “perfect” error correction, at a slope of —1. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

significant, Tukey’s least significant difference pairwise compar-
isons were conducted between the relevant Conditions (VIS vs.
NOP and PLAT vs. NOP) across both Age groups (YH and OH). When
Age x Condition interaction effects were significant, Tukey’s least
significant difference pairwise comparisons were conducted sepa-
rately for Age group differences (YH vs. OH) for each Condition
(NOP, VIS, and PLAT) and for the relevant Condition differences
(VIS vs. NOP and PLAT vs. NOP) for each Age group (YH and OH).
Walking speed was added as a covariate when Age group main
effects or Age x Condition interaction effects were significant. Sta-
tistical analyses were performed in Minitab (Minitab, Inc. State Col-
lege, PA).

2.5. Multi-objective control simulations

We recently found (Dingwell and Cusumano, 2019) that unper-
turbed humans use multi-objective control to regulate lateral step-
ping: they trade-off controlling mostly step width (w) with some
lateral position (zg). We performed additional parameter sensitiv-
ity analyses (see Supplement) of our model to gain additional
insights into the underlying causes of experimental changes
observed here. Specifically, we tested three possibilities. First, the
external perturbations themselves introduce additional noise into
the system. We expected this should increase gait variability, but
might not affect control-related variables. To test this hypothesis,
we simulated how stepping dynamics would change when we
increased only additive noise. Second, when perturbed, partici-
pants might simply shift how much they controlled for step width
vs. position. To test this hypothesis, we simulated how stepping
dynamics would change when we varied only the proportion of
w-to-zg control. Lastly, participants might increase their degree
of control (Dingwell et al., 2010) over w and/or zg. To test this
hypothesis, we simulated how stepping dynamics would change
if we increased only the control gains for each (see Supplement
for details).
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Fig. 4. (A) Mean values, (B) standard deviations (o), and (C) DFA scaling exponents
(o) of step width (w) and absolute lateral body position (z) for Young Healthy (YH)
and Older Healthy (OH) participants for each experimental condition: NOP, VIS, and
PLAT. For (C), the horizontal dashed line at 0.5 indicates uncorrelated statistical
persistence (i.e. neither persistent nor anti-persistent). All subplots show summary
boxplots indicating the median, 1st and 3rd quartiles, and whiskers extending to
1.5x interquartile range. Values beyond this range are shown as individual data
points. Results of corresponding statistical comparisons are provided in Table 3.
Asterisks indicate significant group differences.

Table 3

3. Results

OH participants had slightly higher body mass indexes than YH
participants (p = 0.042), but were similar otherwise (Table 1). OH
participants took slightly longer to perform the Four-Square Step
Test (p < 0.005), and walked slightly slower overground
(p = 0.033) than YH participants. Groups did not differ on other
assessments (Table 2).

Across all conditions, YH and OH participants exhibited similar
mean absolute lateral positions (zz; p = 0.977) and mean step
widths (w; p = 0.477) (Fig. 4A; Table 3). Both groups took wider
steps when perturbed (p < 0.001), but did not alter their positions
(p = 0.488). In general, participants exhibited the widest steps for
the PLAT condition (p < 0.001). All participants were strongly per-
turbed by the imposed lateral perturbations, as exhibited by their
significantly increased zz and w variability (p < 0.001). This was
consistent with prior findings from healthy adults (McAndrew
et al, 2010) and persons with amputation (Beurskens et al.,
2014). OH participants used slightly more variable step widths
(p = 0.0380), particularly in the VIS condition (p = 0.0296), but
otherwise exhibited variability similar to YH (Fig. 4B; Table 3). Dif-
ferences in walking speed (when added as a covariate) did not
explain differences in variability of zz (p = 0.491) or w (p = 0.563).

Within each condition, OH and YH participants exhibited simi-
lar statistical persistence (DFA o) of fluctuations in zz (p = 0.309)
and w (p = 0.801) (Fig. 4C; Table 3). For each condition, fluctuations
in zg exhibited much stronger statistical persistence (larger o) than
fluctuations in w, consistent with (Dingwell and Cusumano, 2019).
When perturbed (VIS & PLAT), all participants exhibited signifi-
cantly decreased (p < 0.001; Table 3) statistical persistence (i.e.,
smaller o) for fluctuations in both zz and w (Fig. 4C), despite
increased variability (Fig. 4B). Furthermore, for PLAT perturbations,
the anti-persistence (i.e., o < 0.5) of w fluctuations indicates over-
correction typical of less optimal regulation (Dingwell et al., 2010).

For both groups and each condition, step width (w) exhibited
steeper correction slopes (closer to —1.0) (Fig. 5A) and higher R?
(Fig. 5B) compared to position (z), reflecting stronger corrections
for w than for zz (Dingwell and Cusumano, 2019). In each condi-
tion, OH and YH participants exhibited similar correction slopes
and R? for zz and for w (all p > 0.91) (Fig. 5; Table 4). For PLAT

Statistical results for differences between Age groups (YH vs. OH) and Conditions (NOP, VIS and PLAT) for the data shown in Fig. 4, including: means, variability (c), and DFA
exponents (o) for step width (w) and lateral position (zz). ANOVA results (F-statistics and p-values) are provided for main effects of Age, Condition, and Age x Condition
interaction effects, along with the relevant Tukey’s post-hoc comparisons. Significant differences are indicated in bold.

Data In Variable Age Condition Age x Condition Tukey’s (age effects) Tukey’s (condition effects)
Fig. 4A Mean (w) F1,32) = 0.52 Fi2,166) = 39.60 F2,166) = 1.47 N/A VIS-NOP: p < 0.001
p=0478 p < 0.001 p=0.233 PLAT-NOP: p < 0.001
Mean (zp) F1,32) = 2.91 F2,166) = 0.72 F2,166) = 0.70 N/A N/A
p = 0.098 p =0.488 p = 0.496
Fig. 4B In [G (W)] F(1,32) = 4.55 F(2,166) = 701.21 F(2,166) = 5.64 NOP: p = 0.259 YH:
p* =0.041 p* <0.001 p = 0.004 VIS: p = 0.049 VIS-NOP: p < 0.001
PLAT: p = 0.917 PLAT-NOP: p < 0.001
OH:
VIS-NOP: p < 0.001
PLAT-NOP: p < 0.001
In [o (zp)] Fa1,32) = 3.42 Fi2,166) = 266.35 Fi2,166) = 4.24 NOP: p = 0.129 YH:
p*=0.074 p* <0.001 p = 0.016 VIS: p=0.319 VIS-NOP: p < 0.001
PLAT: p = 0.997 PLAT-NOP: p < 0.001
OH:
VIS-NOP: p < 0.001
PLAT-NOP: p < 0.001
Fig. 4C o (w) F(1,32) = 0.060 F2,166) = 104.50 F2.166) = 1.63 N/A VIS-NOP: p < 0.001
p = 0.801 p < 0.001 p=0.199 PLAT-NOP: p < 0.001
o (zp) Fa1,32)=1.07 F2,166) = 75.10 F2,166) = 0.96 N/A VIS-NOP: p < 0.001
p = 0.309 p < 0.001 p = 0.386 PLAT-NOP: p < 0.001

" In cases where Age x Condition interactions are significant, the main effects results should be considered unreliable and misleading. Tukey’s pairwise comparisons results

should be used to draw conclusions about age group differences for each condition, as these account for the effects of the interaction.
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Fig. 5. (A) Boxplots of slopes of least-squares fits for (w),, vs. A(W)n+q and (zg), vs. A
(zp)n+1 for YH and OH groups for all trials for all conditions. The horizontal dashed
lines indicate a slope of —1: i.e., “perfect” error correction. B) Boxplots of
correlations (R?) of these least-squares fits (W), vs. A(W)ns1 and (zg)), vs. A(Zg)n+1
for YH and OH groups for all trials for all conditions. All boxplots constructed in the
same manner as in Fig. 4. Results of corresponding statistical comparisons are
provided in Table 4.

perturbations compared to NOP, both groups exhibited correction
slopes that became more negative (closer to —1.0; Fig. 5A) and
increased R? (Fig. 5B) for zg (p < 0.001), but did not change for w
(p > 0.58). For VIS perturbations, both groups exhibited w correc-
tion slopes that became more negative (closer to -1.0)
(p < 0.001), but zz correction slopes that became slightly less neg-
ative (closer to 0.0) (p < 0.001) (Fig. 5A), with R? values also chang-
ing accordingly (Fig. 5B; Table 4).

In our simulations (Fig. 6), which reveal underlying sources of
stepping changes, increasing additive noise amplitudes alone (i.e.,
imitating the VIS & PLAT pseudorandom inputs) yielded propor-
tional increases in stepping variability (o) (Fig. 6A), similar to
experiment (Fig. 4B), but elicited no changes in any step-to-step
control measures (Fig. 6A and Supplement; Fig. S1). This was not
consistent with experiment (Figs. 4C and 5). Varying the control
proportion (Fig. 6B and Supplement; Fig. S2) also failed to replicate
experimental observation (Figs. 4C and 5). Increasing overall con-
trol gains (Fig. 6C and Supplement; Fig. S3) did elicit approximately
parallel changes in the step-to-step control related measures, con-
sistent with experimental observations (Figs. 4C and 5), but pre-
dicted only minimal increases in stepping variability, except at
unrealistically high gains (Fig. 6C).

Table 4

4. Discussion

At each step, humans must adjust foot placements to maintain
walking (Matthis et al., 2017; Zaytsev et al., 2018). Older adults
exhibit increased gait variability (Brach et al.,, 2001; Kang and
Dingwell, 2008b) that reflects fall risk (Brach et al., 2007,
Verghese et al., 2009). Destabilizing environments also increase
gait variability (Francis et al., 2015; McAndrew et al., 2010).
Because multiple intrinsic and extrinsic factors contribute to gait
variability (Christou, 2011; Twardzik et al., 2019), we must disen-
tangle how age and destabilizing perturbations alter step-to-step
regulation, independent of stepping variability. Here, we applied a
GEM framework for lateral stepping (Dingwell and Cusumano,
2019) to disambiguate these effects.

The OH and YH groups were very healthy, as they demonstrated
similar baseline physical and cognitive capabilities (Table 2). OH
adults exhibited slower preferred overground walking speeds and
Four Square Step Test times than YH adults (Table 2), but these
were both still well within their respective healthy ranges (Dite
and Temple, 2002; Studenski et al., 2011). In prior studies, similar
healthy older adult cohorts exhibited increased gait variability
(Francis et al., 2015; Kang and Dingwell, 2008b) and took wider
steps, despite increased energy cost (Dean et al., 2007). While such
findings might ‘suggest’ altered control, none of these prior studies
quantified measures directly associated with step-to-step
regulation.

While both the VIS and PLAT perturbations substantially desta-
bilized all participants, we found negligible differences between
how these OH and YH adults responded (Figs. 4 and 5). OH adults
demonstrated similar changes in lateral stepping variability
(Fig. 4B), stepping regulation (Fig. 4C), and step-to-step error cor-
rection (Fig. 5) compared to YH adults. Thus, OH participants
exhibited no noteworthy age-related differences in lateral stepping
regulation, even when substantially mechanically perturbed. These
findings further confirm and extend our prior work on sagittal
plane stepping regulation in OH adults (Dingwell et al., 2017). They
also extend findings that healthy older and younger adults walking
on an irregular surface also exhibited no significant differences in
how the variability of their foot trajectories was structured
(Eckardt and Rosenblatt, 2018). Thus, that the OH adults tested
here still regulated lateral stepping similar to YH adults demon-
strates that age alone does not degrade lateral stepping control.
This helps explain why directly connecting gait variability to fall
risk has proven difficult (Paterson et al., 2011).

Furthermore, prior work suggested healthy older adults rely
more heavily on visual feedback when similar visual perturbations
were applied, because those participants exhibited greater
increases in variability (Francis et al., 2015) and decreases in step
width DFA exponents (Franz et al., 2015) compared to matched
controls. However, a subsequent study from the same group
(Thompson et al., 2018) did not replicate those differences. The
OH adults tested here exhibited only slightly more variable step

Statistical results for differences between Age groups (YH vs. OH) and Conditions (NOP, VIS and PLAT) for the data shown in Fig. 5, including: control slopes, and correlation (R?)
for step width (w) and lateral position (zz). ANOVA results (F-statistics and p-values) are provided for main effects of Age, Condition, and Age x Condition interaction effects, along
with the relevant Tukey’s post-hoc comparisons. Significant differences are indicated in bold.

Data In Variable Age Condition Age x Condition Tukey’s (age effects) Tukey’s (condition effects)
Fig. 5A slope (w) F(1,32) = 0.01 F2,166) = 88.42 F2,166) = 2.48 N/A VIS-NOP: p < 0.001
p =0.915 p < 0.001 p = 0.087 PLAT-NOP: p = 0.587
slope (zp) F(1,32) = 0.00 F2,166) = 140.92 F2,166) = 0.31 N/A VIS-NOP: p < 0.001
p =0.976 p < 0.001 p=0.735 PLAT-NOP: p < 0.001
Fig. 5B R? (w) F(1,32) = 0.01 F(2,166) = 88.50 F2,166) = 2.40 N/A VIS-NOP: p < 0.001
p =0.923 p < 0.001 p = 0.094 PLAT-NOP: p = 0.611
(zg) F(1,32) = 0.00 F2,166) = 134.58 F2,166) = 0.34 N/A VIS-NOP: p < 0.001
p =0.970 p < 0.001 p=0714 PLAT-NOP: p < 0.001
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Fig. 6. Model Simulation Results. Shown here are within-trial standard deviations (¢) and DFA exponents (o), corresponding to Fig. 4B-C. In all subplots, horizontal gray bands
indicate experimental mean + SD for each corresponding measure pooled across all participants in both groups (YH and OH). Red triangles indicate results for “baseline”
parameter values (note: all of these fall within the gray bands for all dependent measures). (A) Increasing only additive noise induced increased stepping variability (o).
However, there were no changes in any of the step-to-step control related measures. (B) Varying the proportionality of control between w and zg to either lower values (i.e.,
greater zg-control and less w-control) or higher values (i.e., greater w-control and less zg-control) elicited opposing changes in each of the step-to-step control related
variables for w vs. zg time series. Such changes were not observed in experiment. (C) Increasing the overall control gains for both w and zp simultaneously elicited changes in
each of the step-to-step control related variables for w vs. zg time series that were qualitatively consistent with experimental findings (Figs. 4C and 5). See Supplement for
additional details and supporting results. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

widths than young adults for the VIS condition (Fig. 4B) and no dif-
ferences for any stepping control measures (Figs. 4C and 5). Thus,
we found no evidence here that age alone induces greater reliance
on visual feedback to execute lateral foot placement.

Results confirmed our hypothesis that when walking in destabi-
lizing environments, healthy adults tighten their stepping regula-
tion by increasing step-to-step corrections of lateral position and
step width. Within each condition, both DFA (Fig. 4C) and direct
control slope (Fig. 5A) results indicate that participants regulated
step width more tightly than lateral body position. This tighter
control of step width was either maintained or increased further
during both VIS and PLAT perturbations (Figs. 4 and 5). Multi-
objective control simulations (Fig. 6 and Supplement) further indi-
cate that while the applied perturbations themselves likely drove
increased gait variability regardless of participants’ control strate-
gies (Fig. 6A), participants likely also increased their control gains
to enact greater corrections for deviations in both w and zg
(Fig. 6C). Importantly, these additional insights cannot be inferred
without such computational predictions (Dingwell and Cusumano,
2019).

Prioritizing step width is supported by work showing humans
primarily use foot placement to maintain lateral balance (Bruijn
and van Dieén, 2018; Hof et al., 2007; Oddsson et al., 2004). Intu-
itively, this makes sense: you need to maintain balance (via w)
regardless of where you are on any path (zz). However, most
biomechanical analyses disregard where people step on their path,
or dismiss such considerations as “less important than not falling”
(Wang and Srinivasan, 2014). The more novel finding here is the
concurrent increased/tighter regulation of lateral position (zg).
Participants did not simply “trade-off” increased w-control for
decreased zp-control (Fig. 6B), but generally increased both
w-control and zz-control (Fig. 6C and Supplement; Fig. S3) in a
context-dependent way (Dingwell and Cusumano, 2019). For
example, direct control results indicate VIS perturbations may
increase prioritization to correct w in exchange for only very
slightly reduced zz-control, while PLAT perturbations increased

prioritization to correct zg without compromising w-control
(Fig. 5). Thus, while people indeed strive to maintain lateral bal-
ance, they do so while also actively striving to stay on their path
(Macdonald, 2009). Indeed, real-world environments always both
allow and limit where and how people can walk (Moussaid et al.,
2011) and people modify their stepping behaviors accordingly
(Twardzik et al., 2019). That participants here corrected deviations
in both step width and position more tightly when perturbed
(Figs. 4-6) strongly indicates that staying on one’s path is also a
very important goal when choosing foot placements (Matthis
et al., 2017).

An intrinsic limitation of this study involves making direct com-
parisons between VIS and PLAT perturbations. The PLAT perturba-
tions imposed actual physical forces, to which participants had to
respond. Conversely, the VIS perturbations were entirely percep-
tual: modifications in foot placement were due entirely to the per-
ception corrections were needed. Further, for both VIS and PLAT
perturbations to illicit comparable responses, the gains (scaling
factor A in Eq. (1)) of each were quite different (Sinitksi et al.,
2012). Thus, while it is difficult to compare stepping responses eli-
cited by the VIS and PLAT conditions directly, our results do
demonstrate that people alter their stepping regulation in mostly
similar ways when subjected to either type of perturbation.

Gait variability remains generally associated with falls (Toebes
et al.,, 2012; Verghese et al., 2009), but specific connections remain
lacking and/or disputed (Brach et al., 2005; Moe-Nilssen and
Helbostad, 2005; Paterson et al., 2011). Stepping variability may
arise from physiological noise (Christou, 2011), intrinsic redun-
dancy (Todorov, 2004), and/or purposeful adjustments of foot
placements (Bruijn and van Dieén, 2018). How much each of these
(noise vs. redundancy vs. control) contributes to gait variability
must be determined before we can meaningfully relate any such
variability to fall risk. The present work is the first to use our
recently-developed framework (Dingwell and Cusumano, 2019)
to identify how both stepping variability and step-to-step regula-
tion are affected by both age and destabilizing perturbations.
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While the perturbations applied here did not induce falls, they did
directly increase risk of falling (McAndrew et al., 2010; Roos and
Dingwell, 2010). Although the perturbations themselves induced
significant increases in variability (Fig. 6A), people also responded
to both types of perturbations (VIS and PLAT) by more tightly reg-
ulating both step width and position (Fig. 6C), despite the intrinsic
differences in these perturbation types. Most importantly, our find-
ings demonstrate that healthy aging alone need not necessarily
impair these processes.
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