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Abstract

BACKGROUND: Trips account for over half of outdoor falls among community-dwelling older
adults.

AIMS: To investigate to what extent obstacle-induced trip perturbation training could reduce fall-
risk among older adults and to see whether training effects could be retained short term.

METHODS: Forty community-dwelling older adults were exposed to twenty-four repeated trip
perturbations given in a “blocked-and-mixed” manner during over-ground gait. Another trip was
given thirty minutes post-training. For each trip, recovery strategies and outcomes (fall versus no
fall) were analyzed. Within-trial changes to proactive and reactive dynamic center of mass
stability, pre-trip toe clearance and trunk angle, trunk angle at recovery completion, and recovery
step length were analyzed.

RESULTS: 48% of participants fell on their novel trip. The fall rate decreased significantly for
subsequent trips, with no falls on the last trip. The decreased fall incidence resulted from improved
feedforward and feedback adjustments for controlling center of mass stability and body
kinematics. Proactive adaptations included reduced forward center of mass velocity, which
lessened forward instability, and larger toe clearance, which increased the likelihood of obstacle
avoidance. Reactive adjustments included reduced forward instability and improved trunk control
(reduced forward rotation) at recovery step completion. Post-training, training effects were
retained in terms of fall incidence, with slight decay in toe clearance and reactive stability.
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CONCLUSIONS: Older adults demonstrated appropriate locomotor-based proactive and reactive
adaptations to repeated obstacle-induced trips with short-term retention similar to young adults,
and thus could reduce their fall-risk through such training.
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Introduction

Falls are the leading cause of hospitalization and mortality in older adults aged over 65 years
old [1]. Specifically, trip was one of the most frequent self-reported causes of outdoor falls
(~33%) among community-dwelling older adults [2]. In addition, trip accounted for 21% of
falls captured by video in a cohort of elderly people residing in long-term care [3]. Trip-
induced falls are highly dangerous [4, 5] and the subsequent fear of falling leads to reduced
activity and quality of life [6]. Hence, it is essential to develop preventive interventions for
reducing trip-related falls among older adults.

Researchers have successfully reproduced real-life-like, trip-induced large postural
disturbances either by changing belt acceleration during treadmill walking [7-9] or
obstructing individuals’ swing limb during over-ground walking [10]. In general, an
adequate reactive motor response is needed to avoid a fall by reducing excessive forward
angular momentum from obstacle impact. It is well established that forward instability after
an unexpected trip is caused by a forward shift in center of mass (COM) velocity and
displacement with respect to the existing base of support (BOS, the feet which are usually
left behind) [11]. Therefore, compensatory stepping reactions establish a new, functional
BOS [12], enabling individuals to regain stability. Previously, faster reaction time of the
obstructed limb (the time between obstacle-hit and touchdown) [13], effective reduction of
excessive forward trunk angle and angular velocity [8, 9], sufficient net extensor torque
generation from the support limb (limb contralateral to the tripping limb) during push-off
[14], and proper recovery foot placement [15] have all been reported as significant
contributors for successful post-trip recovery outcome.

Although reactive responses play a decisive role in reducing post-trip fall-risk, other factors
could also identify the likelihood of a trip or predict the outcome of one even before
obstacle-hit. A sufficient toe clearance was generally reported to be necessary for avoiding
an obstacle, but this can be negatively affected by muscle fatigue [16] or premature
approaching trajectory of the swing foot towards an obstacle [17]. Also, a faster walking
speed before obstacle-hit increases the likelihood of a fall [13], while a more stable initial
COM state (COM position and velocity) in relation to the BOS at recovery step completion
would lessen forward instability following a trip [11]. However, researchers reported such
proactive factors which can be easily modified before exposure to perturbation can reduce
but not completely eliminate fall-risk [11, 18]. Therefore, a strategy which enhances
proactive factors to reduce the risk of being tripped and improves reactive responses to
increase recovery rates after obstacle-hit would be most ideal to reduce trip-induced falls.
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While numerous fall-prevention interventions have shown efficacious results [19], healthy,
community-dwelling older adults continue to have an increased occurrence of falls from
environmental perturbations [20]. These studies found conventional exercise-based training,
such as resistance training [21], might not target key factors for improving recovery from a
specific type of fall (i.e., trip) [9]. For example, a study showed older adults who fell did not
necessarily have less muscle strength than those who recovered from laboratory-induced
trips [22]. Past literature also demonstrated that muscle activity patterns (timing and
sequence) selected to recover after a trip are strategy-dependent (i.e., activation of the swing
limb biceps femoris facilitates the swing limb to cross over an obstacle, but this would be
dangerous in a lowering strategy) [23, 24]. Therefore, the task-specific approach of
practicing the actual motor skill of avoiding a fall following balance loss might possess
greater specificity to prevent falls during daily living. Owing et al [25] reported that older
adults could rapidly adapt and execute a longer recovery step after experiencing the first
treadmill trip trial, while also reducing their forward trunk flexion angle at recovery foot
touchdown, which reduced falls on subsequent trials. It is postulated that with each repeated
trip exposure the central nervous system (CNS) recalibrates its internal representation of
fall-risk thresholds from previously received sensorimotor error signals, subsequently
refining or updating motor commands for effectors to alter the whole-body motion state
[11]. Such implicit trial-error process ultimately induces adaptive improvements in one’s
COM state and limb support control for an enhanced outcome (no fall) when encountering a
similar context (i.e. perturbation) [26, 27].

However, a large group of trip-perturbation studies were delivered in standing [8, 9, 25, 28,
291, and recovery from stance perturbations might not generalize to gait-perturbations.
Stance-trips are initiated from a symmetrical bipedal position while gait-trips are initiated
from an asymmetrical bipedal support position that better simulates a community-trip. While
there is an increasing number of studies inducing trips during treadmill-walking, such as
those using a resistance tether or ankle strap attached to the swing foot to induce a trip [30,
31], kinematics of recovery from a treadmill-induced trip, during stance or gait, could differ
from obstacle-induced trips and would subsequently influence adaptive training
mechanisms. It has been shown that the recovery step, which is critical for reestablishing the
BOS and reducing fall-risk, is longer and faster during recovery from an obstacle-induced
trip than from a treadmill-induced trip [32]. Further, treadmill-induced trips do not promote
adaptations in toe clearance, which is a critical strategy for recovery after encountering
obstacles while walking [11, 17].

To date, relatively few studies have attempted to examine adaptations to obstacle-induced
trips during over-ground locomotion among older adults, and most studies involving trip
perturbations adopted a pre- and post-design or limited their investigation to the novel trip
response [8, 9, 14, 24, 25, 28, 29]. In contrast, a series of experiments have been conducted
using over-ground-slip-perturbation training with a combination of perturbation threat (slip
intensity) and dosage (slip repetition) [33-35] to investigate trial-to-trial adaptations [18]. A
“slip-no-slip-reslip” paradigm with 24 slips was provided to older adults and the study
reported a 50% reduction in falls during daily living with effects retained for 12 months
[36]. But, relatively few studies have reported trial-to-trial adaptations to repeated obstacle-
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induced trips in older adults, even though examining the adaptive pattern of recovery could
provide insights into aging-induced deteriorations in reactive motor adaptation [30, 37].

Recent findings in young adults indicated rapid (within three trials) and significant
improvements in reactive stability and trunk control over repeated obstacle-induced trips
during over-ground gait [11]. In that study, proactive adaptation was also seen in improved
pre-trip stability accompanied by larger toe clearances. Similarly, Bhatt et al [18] and Okubo
et al [38] found young adults demonstrated improved reactive responses to a trip (i.e., longer
compensatory step and improved margin of stability and dynamic stability) even from a
paradigm with a mixed-slip-and-trip design.

In light of age-related sensorimotor deteriorations [39, 40], it is unclear, yet essential to
determine, to what extent older adults can adapt from repeated over-ground, obstacle-
induced trips to ultimately reduce falls. Due to older adults’ declining lower extremity
muscle strength [41], delayed muscle reaction time, and altered strategies for recovering
from a perturbation [42], it remains to be determined if older adults could attain similar
recovery strategies and motor adaptations from obstacle-induced trip-perturbation training as
were previously seen in young adults. It is also unknown whether a “mixed-and-blocked”
paradigm which extends the simple, consecutive repeated trip paradigm would consolidate
adaptation effects and retain training effects to the same degree as was seen for the slip-
perturbation training.

Therefore, the primary purpose of the study was to investigate the extent to which an
obstacle-induced trip paradigm in older adults could reduce trip-induced falls during over-
ground gait. We hypothesized that older adults would show reduced incidences of falls on
their last trip compared to their novel trip. We expected reduced fall-risk to stem from
improved proactive stability control with a larger toe clearance before obstacle-hit, as well as
from improved reactive stability control with reduced forward trunk rotation at recovery step
completion. The secondary purpose was to examine retention of training-induced effects on
an immediate basis. We hypothesized that, although older adults were expected to have some
decay in stability control after a brief retention interval, motor learning from the current
training protocol would still be retained for at least 30 minutes and older adults would have
fewer falls on the retention trip than their novel trip with this fall rate not differing
significantly from the last trip of the initial training session.

Forty healthy, community-dwelling older adults (mean age = 67.9 years) were initially
screened to pass a cognition test (> 25 on the Folstein Mini Mental Status Exam [MMSE])
[43], a calcaneal ultrasound screening (T-score > —2.0) [44], a mobility test (Timed-Up-Go
[TUG] < 13.5 seconds) [45], and a monofilament foot sensation test (able to detect the
Weinstein 5.07 monofilament at all nine locations on both feet) [46]. Exclusion criteria
included recently (< 6 months) self-reported diagnosed neurological, musculoskeletal, or
other systemic disorders. Participants also received other commonly-used clinical
measurements and questionnaires, including the Berg Balance Scale (BBS), Activities-
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specific Balance Confidence scale (ABC), a fall history questionnaire, and a six-minute
walking test (6MWT). All participants provided written informed consent, and this study
was approved by the Institutional Review Board in the University of Illinois at Chicago.

The obstacle device consisted of a hinged metal plate 8-cm high, 27-cm wide, and 0.5-cm
thick. During regular walking, the plate was locked in a flat position by a pair of
electromagnets. During trip trials, the electromagnets were powered off (to unlock the plate)
when the vertical ground reaction force (GRF) under the unperturbed (right) limb exceeded
80% of participants’ body weight after right heel strike. The springs returned the plate to its
upright position in less than 150 ms to induce a trip. Participants were protected by a safety
harness connected through a load cell (Transcell Technology Inc., Buffalo Grove, IL) to a
low-friction trolley-and-bean system mounted to the ceiling along the walking path. The
harness did not limit participants’ maximum voluntary forward reaching while standing
(Figure 1).

Participants first had 25 to 35 unperturbed walking trials on the 7-meter walkway to become
familiar with the laboratory walking environment. They were told “a slip or trip may or may
not occur during your walking”. The starting position was adjusted during baseline walking
to ensure upcoming trip trials were induced to consistently obstruct participants’ left foot
during the mid-to-late swing phase. The unperturbed walking trial (Nat) before the novel trip
was analyzed for baseline performance. The subsequent training paradigm adopted a “trip-
no-trip-retrip” design following a previously reported “slip-no-slip-reslip” paradigm which
induced sufficient adaptive improvements in stability control and yielded long-term training-
induced retention [36, 47]. The training consisted of an acquisition session with eight
repeated trips (T1-T8), followed by three non-trips (NT1-NT3), another eight trips (T9-T16),
an additional three non-trips (NT4-NT6), and a final block of 15 mixed trials. The randomly
selected sequence of the mixed-block was consistent for each participant: T17-T18, NT7-
NT8, T19, NT9, T20, NT10, T21-T22, NT11-NT12, T23, NT13, and T24. 30 minutes after
training completion, participants received three non-trips followed by a final trip (Retrip) to
assess immediate post-training retention (Figure 2). The three non-trips served as wash-out
trials, making the Retrip less predictable.

Data collection and reduction

An eight-camera motion capture system (Qualysis., Gothenburg, Sweden) recorded data at
120Hz from 27 reflective markers placed on bilateral upper and lower extremities, the torso,
and the trip plate (Figure 1). Marker data was low-pass filtered at marker-specific cut-off
frequencies (range 4.5 — 9 Hz determined through a residual analysis) using fourth-order
Butterworth filters. Force plate and load cell data were collected at 600Hz and were
synchronized with motion data.

Behavior outcome—A fall was determined if the load cell detected more than 30% of the
participant’s body weight after trip onset [48] and was verified using motion videos. The
recovery strategies were classified as follows: 1) lowering-hit, the obstructed foot (left) was
quickly lowered to the ground and the contralateral unobstructed foot (right) took a recovery
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step (Figure 3a); 2) elevating-hit, the obstructed foot took a recovery step after hitting the
obstacle (Figure 3b); or 3) elevating-cross, subjects crossed over the obstacle without hitting
it (Figure 3c) [23]. The instant of recovery-foot-touchdown was the touchdown of the right
or left foot for lowering or elevating/crossing strategies, respectively.

Dynamic gait stability—Dynamic stability was defined as the shortest distance between the
instantaneous COM state (position and velocity) in the anteroposterior direction, indicating
feasible stability limits for forward balance loss [49]. COM position was calculated relative
to BOS position normalized by foot length (Relative Pconm), and COM velocity was
calculated relative to BOS velocity normalized by /g * bk (gravitational acceleration [g] and
body height [bh]) (Relative Vcom). A greater value indicated more forward instability
against forward balance loss. Dynamic stability was measured at two instants indicative of
proactive and reactive adaptive performances, respectively: 1) pre-trip: 30 ms before
obstacle hit/cross and 2) post-trip: recovery-foot-touchdown. The instant of obstacle-hit was
defined as the time of minimum toe marker acceleration of the obstructed foot (left) in the
walking direction [14]. For regular walking trials, the time of obstacle crossing was defined
as the instant when the foremost point of the left foot was immediately above plate location.
Events of liftoff and touchdown were identified from the vertical GRF.

Kinematic variables—Toe clearance was measured as the vertical distance from the ground
to the left toe at the pre-trip instant [11]. Recovery step length was measured as the heel-to-
heel distance between the obstructed foot and the recovery foot for the lowering strategy and
the heel-to-heel distance between the foot of the supporting limb (the contralateral stance
limb before obstacle hit) and the obstructed foot for the elevating/obstacle crossing
strategies, normalized by body height (Figure 3). Proactive and reactive trunk angles were
calculated as the angles between the trunk segment (defined by a line connecting the
midpoint of the shoulders and the midpoint of the hips) and the vertical line at pre-trip
instant and at completion of the first recovery step, respectively. The change in relative
Vcowm from the instant of the first recovery step touchdown to 100 ms after recovery step
completion was also calculated. This duration was selected to examine any immediate
recovery response because past studies reported very rapid limb muscle activation served to
either support or recover within 100 ms [14, 50].

Statistical analysis

Independent t-tests were conducted to detect differences in participants’ baseline
demographics (age, height, weight, BBS, ABC, MMSE, TUG, and 6MWT), and a Chi-
Square test was conducted to examine any differences in gender and history of falls between
fallers and non-fallers on the novel trip. The Cochran’s Q test was performed to examine the
overall change in fall incidence over trials. The Friedman test was applied to examine the
main effects of training on recovery strategies (lowering hit, elevating hit, and obstacle
crossing). Subsequently, the Cochran’s Q test was used to examine the main effects of
training on obstacle-crossing and obstacle-hit (combining both hit outcomes). Trials
included in the abovementioned analyses were T1 to T24 and Retrip. Follow-up
comparisons were applied using the McNemar test for binominal variables (fall vs no fall
and obstacle-crossing vs obstacle-hit) and the Wilcoxon signed rank test for the three
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recovery strategies for these pairs: T1 vs T8, T8 vs T9, T16 vs T17, T1 vs T24, and T24 vs
Retrip. One-way repeated ANOVA was performed to analyze the main effects of training
(Nat, T1 to T24, and Retrip) on the following variables: pre- and post-trip dynamic stability,
pre-trip toe clearance, proactive trunk angle, trunk angle at recovery-foot-touchdown, and
recovery step length. Follow-up planned comparisons were conducted via paired-t tests
between these pairs: Nat vs TI, Nat vs T24, T1vs T8, T1 vs T24, T8 vs T9, T9 vs T16, T16
vs T17, T17 vs T24, T24 vs Retrip, and Tl vs Retrip.

Linear regression was performed to examine the relationship between relative Pconm and
relative Vconm With pre- and post-trip dynamic stability, as well as the relationship between
trunk angle and relative Pcop at pre-trip and recovery foot completion. The relationship
between recovery step length and the change in relative Vcon within 100 ms of recovery
step completion was also examined using linear regression. All analyses were performed
using SPSS (V.24.0, SPSS Inc., IL) with a significance level of p < 0.05.

Fall and behavior outcome

There was a significant difference in gender (p = 0.024), with no other differences in clinical
measurements or history of falls, between fallers and non-fallers on the novel trip (Table 1).
Fall incidence significantly changed over trials (;(2 (24) = 271.335, p < 0.001). Participants
had significantly fewer falls in T8 (2.5%) than their novel trip (48%) (p < 0.001). There was
no significant difference in fall rates between T8 and T9 or T16 and T17 (all p = 1). Fall rate
was significantly lower in T24 (0%) than T1 (p < 0.001) (Figure 4a). The distribution of
recovery strategies differed significantly across trials (y? (24) = 79.527, p <0.001). Follow-
up comparisons revealed the recovery strategy differed between T1 and T8 (p = 0.001), T8
and T9 (p = 0.003), T16 and T17 (p = 0.003), and between T1 and T24 (p < 0.001). Further,
the rate of obstacle-crossing differed significantly across trials (;(2 (24) =112.050, p <
0.001). There was a significant difference in the rate of obstacle-crossing between T1 and T8
(p <0.001), T8 and T9 (p = 0.021), T16 and T17 (p = 0.002), and between T1 and T24 (p <
0.001). During the novel trip, all participants hit the obstacle and attempted to recover using
either a lowering (27/40) or elevating (13/40) strategy, and none were able to cross over the
obstacle. However, 60% of participants adopted an obstacle-crossing strategy in T24 (Figure
4b).

Pre-trip adaptation

Proactive stability was significantly different over trials (main effect: F (25, 900) = 5.299, p
< 0.001) (Figure 5a). Planned comparison revealed participants had comparable proactive
stability between Nat and T1 (p = 0.488). Proactive stability was lower in T8 than T1 (p =
0.023) and was lower in T16 than T9 (p = 0.002). Participants were more unstable in T17
than T16 (p = 0.011). There were no further significant differences between pairs (all p >
0.05). By the end of the acquisition session, participants had lower stability (reduced
forward instability) in T24 than Nat (p < 0.001) and T1 (p < 0.001) (Figure 5a).
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Pre-trip adaptations were most apparent in increased swing foot toe clearance (main effect: F
(25, 825) = 16.337, p < 0.001) (Figure 5b). There was no significant difference between Nat
and T1 (p = 0.077). Toe clearance first increased from T1 to T8 (p < 0.001), lowered from
T8 to T9 (p < 0.001), and then further increased from T9 to T16 (p = 0.003). Toe clearance
was smaller in T17 than T16 (p < 0.001), but it increased from T17 to T24 (p = 0.003). By
the end of training, toe clearance increased by 8.2 cm from T1 to T24 (p < 0.001) and was
7.4 cm higher than in Nat (p < 0.001) (Figure 5b). There was no significant difference in
proactive trunk angle over trials (main effect: F (25, 900) = 3.371, p < 0.730).

Post-trip adaptation

Reactive stability differed significantly across trials (main effect: F (25, 875) = 15.127, p <
0.001) (Figure 6a). Participants were more unstable in T1 than Nat (p <0.001). Reactive
instability decreased from T1 to T8 (p < 0.001). Participants were more unstable in T9 than
T8 (p = 0.003), and then reactive stability further improved from T9 to T16 (p < 0.001).
Participants were less stable in T17 than T16 (p < 0.001) but became more stable in T24
than T17 (p = 0.019). By the end of training, reactive instability for T24 significantly
decreased from T1 (p < 0.001). In addition, there was no significant difference between T24
and Nat (p = 0.511) (Figure 6a).

Reactive trunk angle was also significantly affected by trials [main effect: F (25, 900) =
21.357, p < 0.001)] (Figure 7a). After the novel trip, participants had a larger forward trunk
angle in T1 than Nat (p < 0.001). Forward trunk angle decreased from T1 to T8 (p < 0.001),
however, it was larger in T9 than T8 (p = 0.005). Trunk angle further decreased from T9 to
T16 (p = 0.001). Forward trunk angle was slightly larger in T17 than T16 (p = 0.024), but
there was no significant difference between T17 and T24 following the mixed-block session
(p = 0.084). By the end of training, trunk forward rotation was 17.5 degrees smaller than in
T1 (p < 0.001), with a slight difference between T24 and Nat (p = 0.042) (Figure 7a).

Such proactive and reactive adjustments diminished the need for a long post-trip
compensatory step. There was a decreasing trend in recovery step length over trials (main
effect: F (25, 875) = 3.946, p < 0.001) (Figure 7b). Participants demonstrated a longer
recovery step in T1 than in Nat (p < 0.001). Recovery step length decreased from T1to T8
(p < 0.001) with no further change in the following trials. By the end of training, participants
had a significantly smaller recovery step length in T24 than in T1 (p < 0.001). The recovery
step length in T24 was similar to participants’ step length during natural walking (Nat) (p =
0.308) (Figure 7b).

Immediate retention of training

There was no significant difference in fall outcomes between Retrip and T24 (p = Z) (Figure
4a). However, recovery strategies were different between T24 and Retrip (p < 0.001). Fewer
participants crossed the obstacle in Retrip (9/40) than T24 (24/40) (p < 0.001) (Figure 4b).
There were also no significant differences in proactive stability, reactive forward trunk
rotation, or recovery step length between T24 and Retrip (all p > 0.05) (Figure 5a, 7a, and
7b). Toe clearance was slightly smaller in Retrip than T24 (p = 0.032) (Figure 5b).
Participants also had greater reactive instability (p = 0.001) in Retrip than T24 (Figure 6a).
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Nevertheless, toe clearance was 7 ¢cm higher in Retrip than T1 (p < 0.001) (Figure 5b).
Additionally, participants had less reactive instability in Retrip than T1 (p < 0.001) (Figure
6a) with forward trunk rotation reduced by 15 degrees (p < 0.001) (Figure 7a).

Mechanism of stability control

A linear regression analysis showed relative Pconm and Vo, together, explained 100% (r2
= 1) and 94.4% (r2 = 0.944) of pre-trip (Figure 5c) and post-trip stability (Figure 6b)
changes, respectively. Pre-trip, decreased stability was mainly associated with reduced
relative Vcom (r2=0.998, p < 0.001) and a posterior shift of relative Pcopm (2 = 0.125, p <
0.001) (Figure 5c). The relationship was similarly seen post-trip, with decreased stability
being associated with reduced relative Vcopm (r2=0.674, p < 0.001) and a posterior shift of
relative Pcowm (r2=0.422, p < 0.001) (Figure 6b). Furthermore, a linear regression analysis
demonstrated a posterior shift of relative PCOM was associated with reduced forward trunk
angle at recovery foot touchdown (r2 = 0.315, p < 0.001) (Figure 7c). Additionally, linear
regression revealed a larger recovery step length was positively correlated with a larger
reduction in forward relative Vcon within 100 ms of completion of the first recovery step
(r2=0.113, p < 0.001) (Figure 7d).

Discussion

The results supported our first hypothesis that community-dwelling older adults were able to
adapt to repeated trip exposures and reduce their incidence of laboratory trip-induced falls in
the anterior-posterior direction. Older adults rapidly acquired fall-resisting skills with
decreased forward instability after unexpected obstacle-contact. Such motor adaptation
involved an interaction between improved proactive and reactive control mechanisms. Our
second hypothesis was partially supported as it was evident participants’ fall-rates did not
increase after a 30-minute retention interval, but they did have a slight deterioration in toe
clearance and stability during Retrip.

The trip intensity utilized in our study did successfully induce a fall during older adults’
over-ground locomotion, enabling us to examine acquisition of adaptations to reduce rates of
laboratory-induced falls. This differs from previous trip adaptation studies which did not
specifically report falls as a behavioral outcome [10, 11, 18, 31, 38]. Older adults in the
current study demonstrated a rapid reduction in falls after being exposed to the novel trip.
The rate of falls during the second trip (10/40) was about half that of the first trip (19/40),
and the rate of falls during the third trip (6/40) was about one third that of the first trip. Very
few participants (< 2) fell during later trials (Figure 4a). Similarly, Owing et al [25] reported
healthy older adults who fell on the novel trip induced during treadmill-stance (18/25)
successfully recovered in subsequent attempts. Such rapid rates of fall reduction were also
seen in slip-perturbation studies in both young and older adults [51, 52], indicating healthy
older adults’ retained a similar intact adaptive control across functional activities (i.e. a slip
or trip perturbation) as did young adults.

More fallers on the novel trip were women (73.7%) (Table 1). This is consistent with
previous findings [53] and provided laboratory-based evidence for generally reported higher
rates of falls and fall-related injuries in older women [54]. Besides gender, fallers and non-
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fallers on the initial trial had comparable clinical measurements and fall histories (Table 1).
This suggests common clinical measurements such as the BBS or 6MWT lack the ability to
detect reactive responses to perturbations, and, hence, lack the ability to discriminate risks
for specific types of falls (i.e., a slip or a trip) [55].

Further, findings regarding proactive and reactive adaptations across trials were also in line
with previous results in older and young adults. By the end of the acquisition training
session, older adults had lower pre-trip instability due to a posterior shift of relative Pcom
and a reduced relative Vcop before obstacle-hit (Figure 5a and 5c¢). Pavol et al [13] reported
a faster walking velocity and a forward-leaning COM position prior to obstacle-hit would
increase the risk of during-step (recovering using lowering strategy) and after-step
(recovering using elevating strategy) falls, respectively, among older adults. In addition, this
trend of reduced forward instability before obstacle-hit was similar to that demonstrated in
young adults [11, 18]. This suggests an improved feedforward adaptation strategy might
have been adopted by the CNS to prepare a more stable initial COM motion state [49, 56].

Increased toe clearance was reported to be an anticipatory behavior to reduce, or even
eliminate, subsequent obstacle-contact immediately after a novel trip [11, 18, 38].
Conceivably, a high enough toe clearance may avoid obstacle-hit altogether, however, only
50% of older adults could avoid obstacle-hit during their entire training session (Figure 4b).
However, because the exact dimensions of the obstacle were unknown, there was a chance
for destabilization upon obstacle-hit if the preplanned foot trajectory was too low [32].
Pijnappels et al [57] reported a diminished toe-height after three to five unperturbed trials
similar to what was observed in the current study between T8 and T9 and between T16 and
T17. Such waned proactive adjustment affected subsequent feedback control such that
participants had reduced stability and trunk control in T9 and T17 compared to T8 and T16,
respectively. Moreover, raising the limb more than necessary may require additional energy
cost [58]. Thus, the CNS could not solely rely on anticipatory control to avoid subsequent
forward balance loss, and improvements in reactive control were essential to recover during
the following trials.

Taken together, the results suggest participants mainly focused on toe elevation and reduced
velocity for proactive trip adaptation, rather than altering COM position or trunk angle prior
to obstacle-hit.

Reactively, older adults demonstrated decreased forward instability stemming from a
posterior shift of relative Pcon and reduced relative Veopn at recovery foot touchdown
(Figure 6b). Improved COM stability was coupled with reduced forward trunk rotation,
contributing to the posterior shift of relative Pcop. Such adaptive reactive control was
similarly reported in treadmill-stance trips [9], treadmill-gait trips [59, 60], and over-ground
obstacle-induced trips in young adults [11, 18]. Although an insufficient compensatory step
length was the key factor for failure to recover from a trip [25, 61], older adults in the
current study showed reduced recovery step lengths after exposure to repeated over-ground
obstacle-induced trips, which was consistent with young adults [11, 18]. On the novel trip, a
larger recovery step was necessary to mitigate the increased relative Vcom caused by
obstacle-hit (Figure 7d). As proactive and reactive stability improved on the 24™ trip,
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relative Vcowm at recovery foot touchdown reduced drastically, which diminished the need
for a longer recovery step (Figure 7d), reflecting a shift from feedback to feedforward
control. Similarly, improved feedforward adjustment diminished the need to take a backward
recovery step after repeated over-ground slips [26]. However, reduced compensatory step
lengths across training were rarely reported for repeated treadmill-induced trips. Dijkstra et
al [62] did not find a significant difference in compensatory step length after repeated
treadmill-trips. The longer compensatory step indicates adaptive reactive control upon
exposure to repeated treadmill-trips [30] in which the CNS predominantly relies on a
feedback system. Such a difference might be key for differentiating over-ground-gait
obstacle-induced perturbations from treadmill-gait perturbations.

Only recently have training-induced retention effects from a treadmill-induced trip-
perturbation training been reported. Studies found improved reactive control could be
retained for a month [60], 14 weeks [63], and even 1.5 years [59], with only a minor decay
in the margin of stability. However, only margin of stability was examined in those studies
and retention of fall outcomes has not been reported. The present study made the first
attempt to examine retention for an over-ground trip training paradigm on an immediate
basis (30 minutes post-training) to exclude potential distractors outside the laboratory. In the
retest session, we observed a diminished toe clearance (1 cm) compared to T24 (Figure 5b).
This decayed toe clearance might be due to an anticipatory error as proactive adjustments
are based on the CNS’s prediction of the upcoming context based on previous experiences
[64]. Therefore, the three unperturbed walking trials before Retrip could have served as
wash-out trials, eliciting error. Such 1 cm decay led to more obstacle-contact in Retrip
(31/40) than in T24 (16/40) (Figure 4b). Obstacle-hit could have also increased the body’s
external forward angular momentum [53], leading to a more unstable COM state and a larger
forward trunk angle at recovery touchdown in Retrip than T24 (Figure 6a and 7a). The
partial retention might also be due to individual differences which were reported in an over-
ground slip retention study [47]. However, a point-biserial correlation for the current study
revealed a positive correlation between obstacle-crossing in Retrip and the total number of
successful obstacle-crossings across all 24 trips in the acquisition session (ryp,= 0.656, p <
0.001). This means participants who avoided the obstacle during Retrip tended to have a
higher ratio of obstacle-avoidance during training. Therefore, further investigation is needed
to examine the mechanism underlying individual differences. Nonetheless, the slight decay
did not alter older adults’ fall-rate during retest.

Although three to five perturbations were sufficient to induce adaptive improvements in
balance loss [51, 65], a “mixed-and-blocked” design, identical to a well-studied over-ground
slip training paradigm, was adopted in the current trip-training paradigm. This
“overtraining” with extra trials in a blocked and random design was previously confirmed to
further enhance over-ground training-induced retention over 12 months [36]. However,
different than what was seen in the training effects from previous slip studies during the
mixed-block [47, 51], participants did not reach a steady state of toe elevation prior to trips
(toe clearance: T24 > T17) or reactive stability control after repeated trips (forward
instability: T24 < T17). These findings of partial retention after trip-perturbation training
compared to the complete retention after slip-perturbation training designed in the same
manner might suggest individual differences acquiring perturbation-induced adaptations, as
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previously demonstrated [47], and this paradigm might not have provided sufficient stimuli,
in terms of either practice dosage (number of repetitions) or intensity dosage (plate height),
for adequate motor learning in all participants.

The findings of this study must be interpreted in light of its limitations. Trips were always
induced during left foot swing with the trip plate fixed in a certain location, however, in real
life, the trip could happen in various locations to perturb either leg. Therefore, further
studies should test whether training effects could be transferred from the left side to the right
side, or to a trip presented at a different location. The intensity (height of the trip plate)
adopted is only one of many options to produce successful training effects, and we are
unsure whether a higher trip plate or mixed obstacle heights would exert better adaptation
and retention. Also, the current training protocol which only tripped participants walking in
the anterior-posterior direction might have limited improvements on their responses to a trip
occurs in the medio-lateral direction. In addition, only healthy older adults were included in
the current study which most likely does not represent the population of older populations
most likely to fall. Nonetheless, there is still a high incidence of environmental falls reported
in such a healthy, community-dwelling older adult population.

In conclusion, the rapid adaptive improvements in stability control demonstrated by healthy
older adults were similar to that of young adults following repeated obstacle-induced trips,
resulting in significant reduction of falls across trials in the laboratory environment.

Additionally, such acquired adaptive improvements could be retained on a short-term basis
for 30 minutes to prevent a trip-related fall induced in the same context. Given the positive
findings of improved adaptive control from a single session and the potential to induce short-
term retention, such perturbation training, added as a supplement to conventional training or
combined with other perturbation approaches such as slip or perturbation in the medio-
lateral direction, could potentially reduce fall-risk among older adults. Future studies should
examine dose-response relationships that would facilitate translation of such intervention for
clinical application. Moreover, prospective studies need to establish efficacy of such
perturbation training for real-life fall-risk reduction.
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Figure 1.
The trip was induced by an obstacle device consisting of a hinged metal plate 8-cm high, 27-

cm wide, and 0.5-cm thick. During regular walking, the plate was locked in a flat position by
a pair of electromagnets. During the perturbation trials, the springs returned the plate to its
upright position to induce a trip by obstructing the left leg. The trip plate was triggered by
the ground reaction force detected by force plates beneath the walkway. Participants were
protected during all trials by a safety harness connected through a load cell mounted to the
ceiling along the walking path.
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Figure 2.

Schematic of the training protocol. Participants received 25 to 35 unperturbed walking trials
followed by an acquisition session of a block of eight repeated trips (T1-T8), a block of
three non-trips (NT1-NT3), another block of eight trips (T9-T16), a second block of three
non-trip trials (NT4-NT6), and a final block of mixed trip and unperturbed walking trials.
The randomly selected sequence of the mixed-block session was T17-T18, NT7-NT8, T19,
NT9, T20, NT10, T21-T22, NT11-NT12, T23, NT13, and T24 for all participants. After 30
minutes had passed since completion of the initial training, participants took a block of three
non-trip trials followed by a trip (Retrip) to test the immediate retention effects of the trip
training.
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Figure 3.
Diagrammatic representation of the definition of the recovery step length for the three

recovery strategies: a) Lowering strategy; b) Elevating strategy; and c) Obstacle crossing.
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Figure 4.

Trip recovery outcomes and strategies. Shown are a) the percentage of falls for each trip and
b) the percentage of each strategy used for trip recovery from each trip trial. T represents the
trip trials, NT represents the unperturbed walking trials, and Retrip represents the trip trial
after the 30-minute break.
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Figure 5.
Pre-trip adaptation in a) proactive stability, b) toe clearance, and c) the relationship between

proactive stability and the center of mass (COM) position and velocity relative to the base of
support (relative Pconm and relative Vcom respectively) (proactive stability =
0.015+1.097*relative Pcom+5.269*relative Vcopm). Proactive stability was defined as the
shortest distance of the instantaneous COM state (position and velocity) from a theoretically
predicted threshold for backward or forward loss of balance. Pre-trip, a larger stability value
indicated a more unstable initial COM state before obstacle-hit.
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*p < 0.05; **p < 0.01; ***: p < 0.001

Post-trip adaptation in a) reactive stability and b) the relationship between reactive stability
and the center of mass (COM) position and velocity relative to the base of support (relative
Pcom and relative Voo respectively) (reactive stability = —0.561+1*relative Pcom
+7.458*relative Vcom). Post-trip, a larger stability value indicated more forward instability
and that participants were more likely to fall forward.
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Figure 7.
Post-trip adaptation in a) forward trunk angle at recovery touchdown, b) recovery step length

normalized to participants’ body height (bh), c) the correlation between trunk angle and the
center of mass position relative to the base of support (relative Pconm), and d) the correlation
between recovery step length and the change in COM velocity relative to the base of support
(relative Vcom). Changes in relative Vcon Were calculated as the differences between
relative Vcowm at the instant of recovery foot touchdown and the relative Vcopm at 100 ms
following recovery foot touchdown. Mean values of the recovery step length and the
corresponding relative Vcom change for the novel trip and the 24™ trip were indicated by
triangle and square respectively.
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Table 1.

Demographics for all participants, and fallers vs non-fallers for novel trip trial

Clinical measures  Pooled Faller (n=19) Non- Faller (n=21) Significance (fallers vs non- fallers)
Age (yrs) 67.9 (5.5) 67.4 (6.1) 68.4 (5.0) 0.590
Gender(%female) 55 73.7 38.1 0.024*
Weight (kg) 76.6 (15.0)  73.5(10.7) 79.2 (17.8) 0.220
Height (cm) 168.8(8.1)  166.2 (6.5) 171.1 (8.9) 0.059
BBS 53.5 (2.8) 53.3(3.0) 53.6 (2.7) 0.800
TUG (s) 8.1(1.4) 7.7 (1.3) 8.4 (1.5) 0.130
MMSE 279 (2.7) 28.3(2.7) 275(2.7) 0.357
ABC 88.4 (9.8) 89.3 (8.9) 87.6 (10.6) 0.574
Fall history(%fall) 30 40 20 0.135
T score -0.4(0.9) -0.6 (0.6) -0.2(1.0) 0.132
6 mins walk (m) 476.8 (69.2) 494.9(63.9)  460.3 (71.3) 0.115
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