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Introduction

More than 25% of elderly adults fall each year [1] and these falls are often associated with seri-

ous injuries and hospitalizations [2]. Knowing that the percentage of worldwide population

over 60 year-old will continue to rise, the prevention of falls is a major issue for our society.

The most commonly fall prediction factor, as well as the best single predictor, is the history

of falling [3, 4]. However, despite its high predictive power, it is irrelevant to identify the first-

fall risk [5]. Nevertheless, this detection is essential: the first-fall increases the risk of falling by

three [5] and can result in a fear of further falling leading to self-restriction of physical and

social activities [6]. Other usual fall indicators are screening tools based on an evaluation of

daily movements (e.g. gait, changing position, turning reaching, standing, etc). But according

to Gates et al. [7], there is no strong evidence that those screening tools are valid to identify

fallers. For example, the large number of variants and cut-offs of the Tinetti Test [8] compli-

cates its validation for falls prediction [9]. Moreover, these screening tools are based on subjec-

tive analysis requiring the presence of a trained, self-reliant expert [10] and are limited by

ceiling effect [11].

In contrast, measuring instruments during standing tasks allow an objective and sensitive

evaluation of the subject’s postural stability. For example, the measure of the center of pressure

excursion of the subject using a force platform can objectify the postural control. Using this

measure, Melzer et al. [12] have shown that balance testing in narrow stance is able to distin-

guish elderly adults who experience recurrent falls from non-falling elderly adults.

Beside balance tests, gait analysis is now recognized as a powerful tool to identify markers

of early pathology and maximize healthy ageing. Gait may seem like a simple task because of

its automatic and rhythmic nature but it is actually a complex task requiring the integration of

inputs from multiple neurological structures [13]. Ageing and pathology can impact one or

more of these neurological levels leading to impairments of the gait performance in a subtle

way [14]. As for balance, quantitative gait measurements are useful to support the clinician in

the detection of slight changes.

The evaluation of gait is also interesting for fall prediction since a large proportion of elderly

adults falls occurs during walking. More precisely, most of falls occur by tripping on an exter-

nal obstacle during the single support phase or by an incorrect body weight transfer from one

leg to the other when elderly adults are simply walking forward [15, 16]. A first definition of

the body weight transfer, based on the vertical ground reaction forces, is the double contact

phase (DC) when both feet are on the ground, i.e. from the contact of the front foot (FC) to the

toe-off of the (contralateral) back foot (TO). A second definition of the body weight transfer,

based on the variation of the center of mass of the body (CoM) velocity, is the step-to-step

transition [17] delimited by the time where the CoM reaches its minimal vertical velocity
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before FC and its maximal vertical velocity after TO [18]. This second definition corresponds

to the redirection of the downward trajectory of the CoM in the late single-stance phase to an

upward trajectory after DC. This step-to-step transition seems to be a key phase of walking, as

it requires balance control to achieve the transfer of the body weight from on leg to the other.

According to Chastan et al. [19], the step-to-step transition presents two different modes: an

active and a passive mode. The transition is considered as active when the minimal vertical

velocity of the CoM occurs before FC thanks to the activation of the ankle plantar flexors [19,

20]. This active push-off of the back leg allows an anticipated and balanced transition: the redi-

rection of the CoM is initiated before FC and the contributions of the front and the back legs

are equal. This active mode, used by healthy young adults, eases the impact of the front leg,

reduces stress on the leg joint and minimizes the work necessary to lift the CoM during DC

[17, 20, 21]. A greater proportion of the active transition occurs before and after DC as the

walking speed increases [22]. Alternatively, the transition is considered as passive when mini-

mal vertical velocity of the CoM occurs at or after FC; in that case the push-off of the back leg

is not sufficient to initiate the transition which is initiated during DC and the force generated

by the front leg is larger that the force generated by the back leg. This passive mode has been

observed in young children under 5-6 years [23], in elderly adults [24] and in patients suffering

from postural instability [20, 25].

During the transition, elderly adults exhibit a smaller vertical push-off done by the back leg,

a greater impact on the front leg and are unable to accelerate the CoM forward and upward

simultaneously [24]. Nevertheless when observing in detail the data of Meurisse et al. [24], the

great intragroup variability in elderly adults during the transition could indicate different tran-

sition modes and different first-fall risks in the aged population.

The aim of this study is to use the transition mode to identify two groups in the aged popu-

lation. We hypothesize that such population is made of subjects with an active transition or

with a passive transition, the latter being associated with a lower force generated by the back

and a largest force generated by front legs during the transfer of the body weight. We anticipate

that elderly adults with passive mode will have a poorer result on static balance parameters.

These results could lead to the use of the transition mode as a potential indicator of first-fall

risk during walking.

Materials and methods

Subjects and experimental procedures

Fifteen young (age: 21 to 29 years old, weight: 68.6±14.6 kg; height: 1.73±0.09 m, BMI: 22.6

±3.4 kg.m-2) and thirty-six elderly (age: 67 to 86 years old, weight: 69.7±13.6 kg; height: 1.70

±0.09 m, BMI: 23.9±3.1 kg.m-2) adults were enrolled in the study. There was no significant dif-

ference between the two groups in terms of body mass, height and BMI. The inclusion criteria

were: ability to walk a kilometer, no locomotor system injury complaints, no previous history

of neurological disorders and a body mass index between 15 and 35 kg/m2. Before the experi-

ments, the purpose and the nature of the study were explained to the participants. The experi-

ments were performed according to the Declaration of Helsinki and were approved by the

local ethics committee (“Commission d’éthique Biomédicale Hospitalo-Facultaire de l’Univer-

sité catholique de Louvain”, 2015/18MAI/245, Belgian Registration Number: B403201524765).

All subjects gave their written informed consent to participate in the study.

The participants were first asked to walk at their natural pace along a 12-meters walkway

completing 3 trials in order to measure the spontaneous speed. Thereafter, they were asked to

take part in the Performed Oriented Mobility Assessment proposed by Tinetti [8] and finally

to walk on an instrumented treadmill at 1.11 m.s-1. Elderly adults were equipped with a
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harness during tests. All participants performed a warm up trial on the treadmill before data

acquisition. Data were recorded for 15 s after 3 minutes of walking at constant speed.

Experimental set-up and signals processing

The ground reaction forces. The ground reaction forces (GRF) were measured by means

of four force transducers (Arsalis, Belgium) located under each corner of a modified commer-

cial treadmill (h/p/Cosmos-Stellar, Germany, belt surface: 1.60x0.65 m). The forces were fil-

tered with an 8th order Bessel dual low pass filter with a cut-off frequency of 20 Hz. The non-

linearity was<1% of full scale, and the crosstalk between vertical and horizontal GRF <1%.

The GRF signal was digitized with a 16-bit A/D convertor at a sampling rate of 500 Hz. The

amplified GRF signals were processed by means of a computer with dedicated software (LAB-

VIEW 2010, National Instruments, Austin, TX, USA). The decomposition algorithm proposed

by Meurisse et al. [26] was used to determine the beginning and the end of the DC phase, the

front FC time and the back foot TO time, and the vertical component of the GRF acting upon

each limb during the double contact phase.

The GRFs were used to compute the velocity and the displacement of the CoM [27]. Data

were normalized relative to the stride duration, 0% corresponding to the initial contact of the

right foot and 100% corresponding to the next contact of the same foot.

Temporal and kinetic parameters

Temporal parameters. The spontaneous speed was measured by two photocells placed at

the level of the neck and separated by 5 meters in the middle of a 12-meters corridor. Step

duration was calculated as the duration between two successive heel strikes and step frequency

was obtained by taking the inverse of the step duration. DC was delimited by the front FC and

the back foot TO for each weight transfer from one leg to the other (i.e. from the left leg to the

right and from the right to the left). The step-to-step transition phase was delimited by the

time where the CoM reaches its minimal vertical velocity before FC and its maximal vertical

velocity after TO as defined by Franz and Kram [18]. Note that by definition the step-to-step

transition is at minimum equal to DC. The time of occurrence of the minimal vertical velocity

of the CoM (Vvmin) relative to FC expressed in milliseconds was also calculated. The transition

mode is defined by the time of occurrence of the Vvmin relative to the beginning of the double

contact phase (FC). When Vvmin occurs before FC, the transition is ‘active’ while when Vvmin

occurs at or after FC, the transition is ‘passive’.

Kinetic parameters. The force ratio between FFRONT/FBACK was calculated as the ratio

between the mean values of impact force on the front leg during the step-to-step transition

(FFRONT) and the mean values of the vertical push-off performed by the back leg during this

transition (FBACK) in order to illustrate the asymmetry in the force generation between the two

legs [24].

CoM hodograph. The vertical and forward components of the CoM velocity were plotted

against each other over the course of the step to form a CoM hodograph as described by

Adamczyk and Kuo [22].

Balance parameters

During the Performed Oriented Mobility Assessment, standing with eyes closed and standing

with feet together were objectified via measuring instruments for seven young and nineteen

elderly adults. During both tests, the center of pressure excursion of the subject was measured

during 30 seconds by means of four force transducers (Arsalis, Belgium) located under each

corner of a 1 m� 1 m force plate. The CoP was sampled at 1000 Hz and processed with a 8th
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order Bessel dual low pass filter with a cut-off frequency of 10 Hz as recommended by Ruhe

et al. [28].

Statistics

The spontaneous speed of each subject was calculated as the mean of the three trials recorded.

When walking on the treadmill, variables were averaged for 21 to 34 consecutive steps (i.e.

alternating steps starting with either a left or a right foot contact). For all variables, the mean

values were calculated for each group of subjects, as presented in the result section and figures.

A one-way ANOVA with Bonferroni post-hoc (PASW Statistics 21, SPSS, IBM, Armonk, NY,

USA) was performed to evaluate the effect of the group on the different parameters. The nor-

mality of the residuals was checked with a Kolmogorov-Smirnov test. Pearson’s correlations

were performed to evaluate the relationships between balance parameters, step frequency,

spontaneous speed, FFRONT/FBACK ratio and the time of occurrence of Vvmin relative to FC.

The level of significance was fixed to p� 0.05.

Results

The step-to-step transition mode

All young adults have an active transition while elderly adults could be separated in two

groups: twenty-one elderly adults (age: 67 to 86 yo, weight: 67.5±13.0 kg; height: 1.68±0.09 m,

BMI: 23.6±3.1 kg.m-2) present an active transition and fifteen elderly adults (age: 69 to 84 yo,

weight: 72.9±14.4 kg; height: 1.72±0.09 m, BMI: 24.4±3.3 kg.m-2) present a passive transition

(Fig 1). There is no significant difference between the two groups of elderly adults in terms of

age, body mass, height and BMI.

Fig 1. Time of occurrence distribution of Vvmin relative to FC of young and elderly adults. Time of occurrence distribution of the minimal vertical velocity

of the CoM (Vvmin) relative to the beginning of the double contact phase (the front foot contact, FC) expressed in milliseconds. Negative values indicate active

transition; i.e. Vvmin occurs before FC while positive values indicate passive transition; i.e. Vvmin occurs after FC. Left: Distribution of young adults (white bars,

n = 15). Right: Distribution of elderly adults (grey bars, n = 36: 21 with an active transition and 15 with a passive transition).

https://doi.org/10.1371/journal.pone.0220791.g001

Step-to-step transition in elderly adults

PLOS ONE | https://doi.org/10.1371/journal.pone.0220791 August 2, 2019 4 / 11

https://doi.org/10.1371/journal.pone.0220791.g001
https://doi.org/10.1371/journal.pone.0220791


Kinetics

The Fig 2 presents the mean traces of the vertical ground reaction force (GRF) acting upon

each leg separately, the vertical component of the velocity (Vv) and the vertical displacement

of the CoM during a stride at 1.11 m.s-1 for young adults and elderly adults with an active tran-

sition or with a passive transition (ElderlyA and ElderlyP, respectively). In young adults and

ElderlyA, the vertical push-off of the back leg becomes superior to one body weight value

before FC. Consequently, the Vvmin and the upward redirection of the CoM occur before FC

(Fig 2). In ElderlyP, the vertical push-off of the back leg never overpasses one body weight

value and, consequently, the transition is initiated by FC: the minimum of Vv and the upward

Fig 2. Kinetic curves for young and elderly adults with an active step-to-step transition (ElderlyA) and with a passive step-to-step transition (ElderlyP)

during walking. Mean curves of the vertical component of the ground reaction force (GRF, expressed in body weight) acting upon each leg separately

(continuous line: front leg; dotted line: back leg), of the vertical component of the velocity of the CoM (Vv, expressed in m.s-1) and its displacement (Sv,

expressed in cm) during a stride for the three groups walking at 1.11 m.s-1. The vertical lines indicate the double contact phase (DC): the continuous lines

correspond to the foot contact (FC) of the front leg and the dotted lines correspond to the toe-off (TO) of the back leg; the grey areas represent the step-to-step

transition phase between the minimum of Vv before FC and the maximum of Vv after TO.

https://doi.org/10.1371/journal.pone.0220791.g002
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redirection of the CoM occur during the double contact phase. In ElderlyP, the vertical impact

on the front leg is increased and the GRF pattern of the front vs back foot is clearly more asym-

metric compared to young adults and ElderlyA (Fig 2).

The Fig 3 presents the differences between the three groups for the kinetic, speed-related

and balance parameters. The left part of Fig 3A presents the mean plot of the vertical (Vv) and

the forward component (Vf) of the CoM velocity during a step. ElderlyP present a distorted

hodograph in comparison to young and ElderlyA highlighting a modification of the relation-

ship between Vf and Vv throughout the step. Moreover, ElderlyP have a significant greater

FFRONT/FBACK ratio in comparison to the two other groups with the mean force of the front

leg two and a half times greater than the mean force of the back leg (right part of Fig 3A,

FFRONT/FBACK, group effect p<0.001).

Balance and speed-related parameters

The Fig 3B illustrates the differences in speed-related parameters (step frequency and sponta-

neous speed), balance parameters (standing with eyes closed and standing with a narrow

Fig 3. Results. (A) Left: mean plot of the vertical (Vv) and forward (Vf) components of the velocity of the CoM during a step at 1.11 m.s-1 for the 3 groups.

Mean speed is represented by +. The step-to-step transition phase is illustrated by the continuous line. The double contact phase is delimited by the circle (front

foot contact) and the square (back foot toe-off). Right: mean value (bar) +1 SD (tick) of the ratio FFRONT/FBACK during the step-to-step transition. White:

young adults; grey: elderly adults with active step-to-step transition; black: elderly adults with passive step-to-step transition. (�): p� 0.05, (��): p� 0.01.

N = 1270 weight transfer (young: 351; ElderlyA: 523 and ElderlyP: 396; transfers from the right leg to the left: 628; from the left leg to the right: 640). (B) Mean

values of the spontaneous speed (m.s-1), the step frequency (step/s), the displacement of the center of pressure (CoP, in cm) during standing with a narrow

stance and with eyes closed, and the Tinetti score. Same data as Fig 3A for the step frequency and the spontaneous speed and N = 26 (young: 7; ElderlyA: 14 and

ElderlyP: 5) for the displacement of the CoP during standing with narrow stance and eyes closed and for the Tinetti score.

https://doi.org/10.1371/journal.pone.0220791.g003
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stance) and the Tinetti score between the 3 groups. The mean spontaneous speed is equal to

1.32±0.13, 1.20±0.13 and 1.17±0.20 m.s-1 for young, ElderlyA and ElderlyP, respectively, with a

significant difference between young and ElderlyP (Fig 3B, group effect: p<0.05). Similarly,

ElderlyP have significant greater step frequency and significant smaller Tinetti score in com-

parison to young adults (Fig 3B, group effect p<0.05) but there is no significant difference

with ElderlyA. On the contrary for the two balance parameters, there is a significant difference

between the two groups of elderly adults. Indeed, ElderlyP have greater displacement of the

CoP during standing with eyes closed and standing with a narrow stance in comparison to the

two other groups (Fig 3B, group effect p<0.01).

Balance, speed-related and transition parameters relationships

The Table 1 shows the correlations between speed-related, balance and the transition parame-

ters (FFRONT/FBACK ratio and the time of occurrence of Vvmin relative to FC). There are strong

correlations between the transition and the balance parameters, while there is no correlation

between the speed-related parameters and the transition parameters or the balance

parameters.

Discussion

The aim of this study is to use the transition mode to identify two groups in the aged popula-

tion. For this study, the participants were asked to walk at a controlled speed because the tran-

sition mode is speed-dependent. Indeed, young adults have a passive transition at slow speeds

and an active transition at medium and high speeds [24]. Consequently, a comparison at

uncontrolled speed does not allow determining if the modification of the walking pattern

comes from a reduction of the speed or a modification of the balance control. The chosen

speed of 1.11 m.s-1 corresponds to a speed where young adults have an active transition and is

close to the spontaneous speed we measured in our elderly population.

The transition mode identifies two groups of elderly adults: some with an active transition

(ElderlyA) and others with a passive transition (ElderlyP). Our results show in elderly adults an

effect of the transition mode on the kinetic and balance parameters but not on speed-related

parameters and the Tinetti score. Indeed, only the FFRONT/FBACK ratio and the balance param-

eters (the displacement of the center of pressure during standing with a narrow stance and

with eyes closed) are correlated with the transition mode.

Table 1. Correlations between speed-related, balance and transition parameters.

Speed-related Balance Transition

Spontaneous speed Step frequency CoP

eyes closed

CoP

narrow stance

Vvmin

relative to FC

Speed-related Step frequency -,418�

Balance CoP

eyes closed

-.136 -.179

CoP

narrow stance

-.076 .016 ,753��

Transition Vvmin

relative to FC

.313 -.340 -,584�� -,593��

FFRONT/FBACK -.164 .163 ,602�� ,742�� -,834��

N = 26 (young: 7; ElderlyA: 14 and ElderlyP: 5).

(�): p � 0.05

(��): p � 0.01.

https://doi.org/10.1371/journal.pone.0220791.t001
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In ElderlyA, the FFRONT/FBACK ratio shows an almost equal contribution of the back and

the front legs to the transition and the shape of hodograph is similar in comparison to young

adults: the relationship between Vf and Vv is not modified. In ElderlyP, the FFRONT/FBACK

ratio shows a greater force developed by the front leg than by the back leg during the transition

and the relationship between Vf and Vv is modified. These kinetic differences between Elder-

lyA and ElderlyP highlight two different strategies in the balance control to achieve the transfer

of the body weight from one leg to the other.

The transition mode is determined by the vertical push-off: a push-off inferior to one body

weight will result in a passive transition mode while a push-off superior to one body weight

will result in an active transition mode [29]. As a matter of fact, the major determinants of the

transition mode are the plantar flexors of the back leg since they are the greatest contributors

to the vertical push-off [30]. A reduction of the plantar flexion in elderly adults is commonly

observed in the literature [31] and is attributed to an underutilisation of the available muscular

capacity [32] and/or a failure in the interaction between brain, interneurons, motoneurons,

and sensory feedback [33]. This fail seems to emerge with age and one of the possible causes of

passive transition could be a functional decline in the interactions between these different neu-

rological systems. Indeed, the passive transition has already been associated with disrupted

somatosensory inputs, progressive supranuclear palsy, dysfunction of descending basal ganglia

outputs and atrophy of the mesencephalon [20, 34–36]. Interestingly, stimulation applied in

the midbrain of Parkinson’s disease patients has been shown to improve the transition (i.e. the

passive transition becomes active) and to decrease their balance disorders [19].

The static balance capacity seems modified in ElderlyP; they exhibit a greater CoP excursion

during standing with eyes closed and standing with narrow stance compared to ElderlyA. These

two balance parameters are associated with fall history and balance modification in elderly

adults [12, 37, 38]. More precisely, these two tests reflect the ability of the postural control sys-

tem to correctly perceive the environment through peripheral sensory system and integrate ves-

tibular, visual and proprioceptive inputs at the central nervous system level [28]. Although the

CoP was measured during 30 seconds while 90 seconds is recommended [28], the difference

between ElderlyA and ElderlyP is significant. Standing with narrow stance increases the static

balance challenge while standing with eyes closed prevents visual compensatory during balance

control. The greater CoP excursions in ElderlyP and the strong relationship between these two

parameters (Table 1) seem indicate a modification in the integration of sensory and/or vestibu-

lar inputs used during both standing balance tasks. The strong relationship between the balance

parameters and the transition parameters (Vvmin relative to FC and the FFRONT/FBACK ratio)

could highlight that walking and static balances are controlled by common systems. On the

other hand, the absence of relationship between the balance parameters and the speed-related

parameters (step length and velocity) indicates that others systems control speed-related param-

eters of locomotion. The absence of modification for speed-related parameters with the stimula-

tion in midbrain structure of Parkinson’s disease patients [19] corroborates our results.

According to Browne and Franz [39], balance is a general term describing the resilience to

falling and the dynamic stability is a measure of balance specific to dynamic tasks such as walk-

ing. These authors quantified the dynamic stability via the maximum divergence Lyapunov

exponent, calculated from the position and velocity of the sacrum. They have shown that

young adults adopt propulsive force generation during the push-off that maximizes dynamic

stability and suggested that a diminished push-off in elderly adults is in phase with poorer bal-

ance control. These results corroborate the relationship between the transition mode and the

balance control we observe.

Finally, the use of transition mode for the prevention of first-fall presents several advan-

tages. First, the transition mode is more sensitive to subtle modifications of the walking pattern
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before the first-fall than screening tools, as illustrated by the absence of significant difference

between ElderlyA and ElderlyP for the Tinetti score. Second, the transition corresponds to a

period of gait when most of falls occur [15, 16]. Third, the transition mode provides informa-

tion on the balance control during walking and brings substantial complement to standing

tests.

In conclusion, our results show that elderly adults could be sorted in two groups according

to their active or passive step-to-step transition mode. The elderly adults with a passive transi-

tion present a disbalanced contribution of the front and back legs and a distorted hodograph

that are correlated with modifications of postural balance controls. The emergence of a passive

transition could be an early sign of functional decline of neurological systems controlling static

and walking balances. The difference between the two groups suggests that the transition

mode is a potential indicator of first-fall risk during walking. Future prospective studies should

analyze its predictive value in the prevention of first-fall during walking.
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