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threat among young participants but not among most older 
participants.
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Introduction

Between 20 and 30% of adults aged over 65 fall each year 
(Hamel 2001) and it is recognized that half of the peo-
ple who have fallen will relapse in the future (Tinetti and 
Speechley 1989; Tinetti et al. 1995). Falls most commonly 
occur during locomotor activities, such as walking, in 90% 
of cases (Hyndman et al. 2002; Belgen et al. 2006) and are 
caused by slips, trips, or stumbles in 33% of cases [Inter-
national Statistical Classification of Diseases and Related 
Health Problems (ICD-10)]. Fall risk increases with age 
due to motor, sensory, and cognitive changes associated 
with physiological aging (Rubenstein 2006).

With these changes, seniors may develop a fear of fall-
ing or reduced confidence in their balance. In a large cross-
sectional study, 54.3% of community-dwelling seniors 
reported being afraid of falling (Zijlstra et al. 2007) and sev-
eral of these seniors had not experienced a fall in the previ-
ous 6 months. Fear of falling can lead to activity restriction, 
which may cause a reduction in physical abilities through 
underutilization (Filiatrault et  al. 2009). Reduced postural 
abilities may further increase the risk of falls during daily 
activities (Mendes de Leon et  al. 1996; Cumming et  al. 
2000; Delbaere et al. 2004). Ultimately, this increased risk 
may lead to a fall and can further increase the fear of falling 
among seniors. A longitudinal study also supports that fear 
is a predictor of falls in the older adults (Friedman et  al. 
2002).

Abstract  The fear of falling can be manipulated by intro-
ducing a postural threat (e.g., an elevated support surface) 
during stance and gait. Under these conditions, balance 
parameters are altered in both young and elderly individu-
als. This study aimed to dissociate the physical and psy-
chological aspects of the threat and show the impact of a 
verbal warning cue of imminent perturbation during gait 
among young and elderly healthy participants. Ten young 
subjects (29.4 ± 3.9  years) and ten subjects aged over 
65  years (72.9 ± 3.5) participated in the study. Spatiotem-
poral and balance parameters were quantified during eight 
consecutive gait cycles using a motion analysis system and 
an instrumented treadmill. These parameters were com-
pared twice in the control trial and before/after a verbal 
warning cue of imminent perturbation during gait (“pos-
tural threat”) in perturbation trials and between groups 
using repeated measure ANOVAs. Results: The verbal 
cue yielded reduced step length (p = 0.008), increased step 
width (p = 0.049), advanced relative position of the center 
of mass (p = 0.016), increased stabilizing force (p = 0.003), 
and decreased destabilizing force (p = 0.002). This warn-
ing effect was not observed in the older participant group 
analyses but was found for three participants based on 
individual data analyses. The warning effect in younger 
participants was not specific to impending perturbation 
conditions. Most gait and balance parameters were altered 
in the older group (p < 0.05) versus the younger group in 
each condition, regardless of the warning cue. A psycho-
logical threat affects gait and balance similarly to a physical 

 *	 Cyril Duclos 
	 cyril.duclos@umontreal.ca

1	 School of Rehabilitation, Université de Montréal, Montreal, 
Canada

http://crossmark.crossref.org/dialog/?doi=10.1007/s00221-017-4902-y&domain=pdf


1430	 Exp Brain Res (2017) 235:1429–1438

1 3

The fear of falling has been investigated and repro-
duced experimentally through a postural threat, defined 
as a physical or a psychological element that can dis-
rupt the balance state of the subject (Brown and Frank 
1997). An increase in the height of a surface is most com-
monly used in the literature to introduce a postural threat, 
as well as a decrease in the distance to the edge of the 
standing surface (Adkin et al. 2002; Brown et al. 2002a), 
the presentation of negative emotional pictures (Horslen 
et  al. 2013; Lelard et  al. 2014), or the application of 
destabilizing thrusts (Brown and Frank 1997; Adkin et al. 
2008).

In both young and older healthy populations, the intro-
duction of a threat induced a more backward position (Car-
penter et al. 2001; Brown et al. 2007; Pasman et al. 2011), 
as well as reduced displacement (Brown and Frank 1997; 
Carpenter et al. 2001) of the center of mass and the altera-
tion of other balance parameters (Adkin et  al. 2000; Car-
penter et  al. 2001; Hauck et  al. 2008; Davis et  al. 2011; 
Cleworth et  al. 2012) during standing. During walking, 
it also changed temporal and spatial parameters, such as 
reducing step length (McKenzie and Brown 2004; Caetano 
et al. 2009; Delbaere et al. 2009; Staab et al. 2013), increas-
ing step width (Brown et al. 2006), increasing double sup-
port time (Brown et al. 2006; Caetano et al. 2009; Delbaere 
et  al. 2009; Tersteeg et  al. 2012), as well as reducing the 
speed of the center of mass (McKenzie and Brown 2004). 
These changes in standing balance and temporal and spatial 
parameters are similar to those found in participants with a 
fear of falling during gait without threat (Chamberlin et al. 
2005).

There is an increase in the fear of falling and anxiety 
as well as a decrease in balance confidence and stability 
when the postural threat increases (Adkin et al. 2008). Both 
young and older adults alter their gait patterns under con-
ditions of increased postural threat, but the modifications 
adopted by the two populations are different. The effect of 
anxiety on the control of locomotion has a greater impact 
on older participants and this additional difficulty could be 
more complex to manage among older people (Brown et al. 
2002b). The type of postural threat and the order in which 
the threat is presented are factors influencing postural con-
trol (Adkin et al. 2000), and the alteration in postural con-
trol is more pronounced during the initial introduction of 
the postural threat (Adkin et al. 2000). When the postural 
threat is unpredictable, the impact on a young participant’s 
perception of his or her ability to maintain balance is more 
significant (Adkin et  al. 2008). When perturbations are 
predictable, the effect is lower, and when perturbations are 
repeated, we note the presence of anticipation (Maki and 
Whitelaw 1993). A threatening environment, age, and the 
participant’s health status are, therefore, all factors that 
influence postural control (Shaw et al. 2012).

Given that the physical changes in gait conditions, i.e., 
reduced width or higher walking surface, could potentially 
modify gait characteristics (Brown et  al. 2006) and intro-
duce an alteration in the psychological state of the partici-
pants, the present study aimed to evaluate the effect of a 
psychological manipulation of balance confidence through 
warning of an imminent dangerous situation for bal-
ance, without concomitant physical manipulation of the 
environment.

The main objective of this study was to quantify the 
effect of a psychological manipulation on gait by compar-
ing walking and balance parameters before and after the 
verbal warning cue of imminent gait perturbations in young 
and older healthy populations. We hypothesize that a psy-
chological postural threat will have a similar, but lower 
magnitude, effect on gait and balance parameters than 
the effects previously shown in the literature of a postural 
threat induced by manipulation of the physical environ-
ment. A second objective was to evaluate the effect of age 
on these gait adaptations. We assume that the impact of a 
psychological postural threat will be more pronounced in 
older people. A final objective was to assess whether the 
impact of the verbal warning cue on walking and balance 
parameters differs between the first introduction of a pertur-
bation not yet experienced by participants and the presenta-
tion of known but unpredictable perturbations. We assume 
that having already experienced the perturbations reduces 
the effect of the threat.

Methodology

Participants

Ten young participants (29.4 ± 3.9  years, seven men and 
three women) and ten participants aged over 65  years 
(72.9 ± 3.5, six men and four women) were recruited from 
the university population and local community centers. The 
dominant side of the participants was determined based on 
the leg used to kick a ball (Table  1). Participants had no 
current or past health problems that could affect their gait 
or balance abilities. Below normal scores obtained on the 
Balance Evaluation Systems Test (BESTest) (Horak et  al. 
2009; O’Hoski et  al. 2014), Mini-Mental State Examina-
tion (MMSE) (Folstein et al. 1975) (performed only in the 
older participants), Activities-specific Balance Confidence 
(ABC) Scale (Powell and Myers 1995; Myers et al. 1998) 
and the Five Times Sit to Stand Test (FTSST) (Whitney 
et al. 2005; Bohannon 2006; Buatois et al. 2008) as well as 
a history of falls without an explanatory factor and a fear 
of falling (as evaluated using the question “Are you afraid 
of falling?”) were considered as exclusion criteria for the 
study (Table 1). Comfortable and fast walking over-ground 
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speeds on a distance of 6 m were also evaluated (Rossier 
and Wade 2001) (Table 1). Free and informed consent was 
obtained from each participant according to local research 
ethics committee requirements.

Equipment

The walking trials were carried out on a Bertec FIT® dual-
belt instrumented treadmill. Moments and ground reac-
tion forces under each belt were recorded at a sampling 
frequency of 600  Hz. Body kinematics were recorded in 
three dimensions at a sampling frequency of 30 Hz, using 
Optotrak Certus cameras (Northern Digital Inc., Water-
loo, Canada) and three to six infrared markers placed on 
each main body segment (head, trunk, pelvis, arms, fore-
arms, hands, thighs, legs, and feet). A digitizing probe was 
used to locate additional anatomical points relative to the 
markers to complete the description of the body segments 
into a 3D-link segment biomechanical model (Winter 
2009). Anthropometric data (height, mass of the partici-
pant, lengths, and circumferences of each limb segment and 
trunk) were used to adjust the biomechanical model with 

measurements of the participants (Table 1). The probe was 
also used to determine the contour of each shoe sole. The 
base of support was defined as the area bounded by the 
vertical projection on the ground of the outside contours 
of the two soles. Comfortable gait speed on the treadmill 
was determined before the control trial (C), by increasing 
the belt speed progressively by 0.10 m/s every 45–60 s. The 
participant was asked to indicate whether the speed was 
comfortable or not. Once found comfortable, the speed was 
increased once more to ensure a faster speed was not also 
comfortable. If so, belt speed was increased until it was 
deemed not comfortable by the participant. The last speed 
said to be comfortable was then tested again to confirm its 
status of comfortable speed on the treadmill.

Experimental protocol

The study was part of a larger research project on balance 
perturbations during walking. Perturbations were generated 
on a split-belt treadmill by a change in speed of one belt 
at a time, from heel strike to the consecutive toe-off of the 
perturbed foot. Comfortable belt speed was considered as 
100%. Values less than 100 corresponded to a reduced belt 
speed and can be assimilated to slipping upon heel contact. 
Values higher than 100% corresponded to an increased belt 
speed, which can simulate tripping (Ilmane et al. 2015). Six 
types of perturbation were used, depending on the variation 
in belt speed: 50, 65, 80, 125, 150, and 175% of the com-
fortable gait speed of each participant.

A control trial (C) was performed before the perturba-
tion sequences to obtain baseline data. In this trial, partic-
ipants were told that no perturbation would be delivered. 
Two trial sequences were then used:

•	 Familiarization trials: One trial consisted of 15 rep-
etitions of the same type of perturbation. Perturbations 
were generated on the participant’s dominant side every 
8–16 steps. Six familiarization trials were completed. 
Three trials were conducted first with faster-belt speed 
perturbations (P125, P150, and P175), then three trials 
with slower-belt perturbations (P80, P65, and P50).

•	 Random perturbation trials: Each trial consisted of 20 
repetitions (12 on the participant’s dominant side and 8 
on the non-dominant side) and these perturbations were 
generated every 10–20 steps. Each type of perturbation 
was presented randomly to increase unpredictability. 
Four trials (R1–R4) were performed.

Participants were warned before each trial about the 
characteristics of the perturbation that would be applied 
(faster-belt or slower-belt perturbations; presented repeat-
edly (familiarization) or randomly) and their intensity 
(low, medium, or high). Participants were also told that 

Table 1   General data and clinical evaluations

M mean, SD standard deviation, R right, L left, BMI Body Mass 
Index, BESTest Balance Evaluation Systems Test, MMSE Mini-
Mental State Examination, performed only in the elderly, ABC Scale 
Activities-specific Balance Confidence Scale, FTSST Five Times Sit 
to Stand Test
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Cut-off values : BESTest: 
60–69 < 89.8/108, 70–79 < 82.5/108, MMSE: ‘normal cognitive 
function’ (27–30/30), ‘mild impairment’ (21–26/30), ‘moderate 
impairment’ (13–20/30), ABCScale: <50/100: low level of physi-
cal functioning, <80/100: moderate level of functioning, >80/100: 
highly level of functioning, FTSST: 11.4  s. (60–69  years), 12.6  s. 
(70–79 years)

Ten young adults Ten older adults p values
(18–40 years) (≤65 years)

Gender (male/female) 07-Mar 06-Apr
Age (M ± SD) (years) 29.4 ± 3.9 72.9 ± 3.5 ***
Laterality (R/L) 09-Jan 10/0
Height (M ± SD) (m) 1.73 ± 0.1 1.67 ± 0.1
Weight (M ± SD) (kg) 67.7 ± 7.2 76.3 ± 20.5
BESTest (/108) 106.2 ± 1.6 101.5 ± 2 ***
MMSE (/30) / 29.2 ± 0.8
ABC Scale (/100) 95.8 ± 2.8 90.0 ± 11.9
FTSST (s) 6.0 ± 1.2 10.0 ± 1.4 ***
Gait speed (floor) (m/s)
 Comfortable 1.4 ± 0.2 1.3 ± 0.2 **
 Fast 2.3 ± 0.5 1.8 ± 0.3 **

Gait speed (treadmill) (m/s)
 Comfortable 1.2 ± 0.1 0.9 ± 0.2
 Fast 1.8 ± 0.3 1.4 ± 0.3 *
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the perturbations would occur only after a warning. The 
warning cue (representing the “psychological threat”) 
was the statement “Perturbations will start” (given in 
French as participants were francophone). At least eight 
gait cycles were performed before the warning, as well 
as between the warning cue and the first perturbation 
of each trial. A safety harness that did not relieve body 
weight was worn during all trials. Participants did not 
undergo familiarization trials before the first perturbation 
trial (P125).

Data analysis

Kinetic and kinematic data were filtered using a fourth-
order Butterworth filter, with a cut-off frequency of 6 and 
10  Hz, respectively, and re-sampled to 60  Hz. Reaction 
forces and moments and the kinematic data were translated 
based on treadmill speed (comfortable speed) to obtain data 
in the referential in the treadmill belts (van Ingen Schenau 
1980).

Analysis was performed on the eight cycles performed 
pre- and post-warning, before any perturbation was gen-
erated in the first familiarization trial (P125) and random 
sequences (R1). Two sets of eight consecutive gait cycles 
were also analyzed from the beginning of the control 
trial to match the analyzed cycles in the perturbation tri-
als despite the absence of a warning cue. This allowed the 
effect of the warning cue to be compared with the natural 
variability of gait between the two sets of eight gait cycles.

Step length, step width, and duration of double support 
were determined using foot kinematics and gait events 
detected through ground reaction forces. The anteroposte-
rior and mediolateral distances between the markers placed 
on the lateral malleoli were calculated during two con-
secutive heel contacts based on the sharp increase in ver-
tical ground reaction forces. The double support duration 
was calculated as the time between heel contact and the 
consecutive toe-off, as determined by the ground reaction 
forces returning to baseline. Ground reaction forces, center 
of mass position, and speed and center of pressure position 
relative to the base of support and mass of the participant 
were used to calculate the stabilizing and destabilizing 
forces (Duclos et al. 2009, 2012) to evaluate the difficulty 
of maintaining balance depending on the threat. Stabiliz-
ing and destabilizing forces have been used before and have 
shown sensitivity to changes in the difficulty in maintaining 
balance between various tasks (Desrosiers et al. 2014; Mul-
lie and Duclos 2014; Ilmane et al. 2015).

Stabilizing force: F⃗ST = −

mglobal.v⃗
2
CoM

2D2
CoP

D⃗CoP.

With mglobal: body mass of the subject,
v⃗CoM: velocity of the centre of mass,

D⃗CoP: distance between the centre of pressure and 
the limit of the base of support in the direction of CoM 
velocity.

Destabilizing force: F⃗D =

(

F⃗r .n⃗

hCoM

)

D⃗CoP.

With F⃗
r
.n⃗: vertical ground reaction forces,

hCoM: height of the centre of mass,
D⃗CoP: as above.
Demographic and clinical data were compared between 

groups using independent t tests. Balance and spatial–tem-
poral parameters were compared between the pre- and post-
warning periods (warning factor: two levels) of the control 
trial (C), the first trial of the familiarization (P125) and 
random (R1) sequences (trial factor: 3 levels) and between 
groups (young vs. older) using a three-factor ANOVA for 
repeated measures (ANOVA-RM). The statistical signifi-
cance threshold was set at p = 0.05. Greenhouse-Geisser 
corrections were used when the sphericity assumption 
did not hold, as tested by the Mauchly test (p < 0.05). All 
statistical tests were performed using SPSS 13.0. Effect 
sizes (using Cohen’s d) with 95% confidence intervals (CI) 
were used to show the magnitude of the effects (Fritz et al. 
2012). The cut-off values for interpretation of the Cohen’s 
d were: small ≥ 0.20, medium ≥ 0.50, large ≥ 0.80.

Results (Fig. 1)

After the warning cue, step length was shorter (sig-
nificant warning factor: F(1, 18) = 8.97, p = 0.008), 
step width was larger (F(1, 18) = 4.46, p = 0.049), rela-
tive position of the center of mass was further for-
ward (F(1, 18) = 7.14, p = 0.016), the stabilizing force had 
increased (F(1, 18) = 11.94, p = 0.003), and the destabilizing 
force was smaller (F(1, 18) = 12.49, p = 0.002) compared to 
before the warning cue (Fig. 1). The effect of the warning 
cue was modulated between groups for the stabilizing force 
(group × warning interaction, F(1, 18) = 15.46, p = 0.001): the 
warning effect was only significant in younger adults (Stu-
dent’s paired t test: t(9) = 5.34, p = 0.001 for younger adults, 
vs. t(9) = 0.32, p = 0.756 for older adults). The effect of the 
warning cue was also modulated between trials for step 
width (F(2, 36) = 8.97, p = 0.011), with a significant effect in 
the familiarization trial (P125: F(1, 18) = 9.12, p = 0.007) and 
the random trial (R1: F(1, 18) = 6.7, p = 0.019). However, no 
difference between the two sets of gait cycles of the con-
trol trial was found when no warning cue was given (C: 
t(19) = 1.46, p = 0.159).

While there was no interaction effect between trials and 
the warning cue, suggesting that a change in gait param-
eters was present between the two sets of gait cycles in the 
control trial evaluated, and before/after the warning cue, 
the effect size differed between trials (Table 2). Moreover, 
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Fig. 1   Effect of the warning cue expressed using different bal-
ance variables (step length, step width, duration of double support, 
anteroposterior relative position of the center of mass and center of 
pressure, anteroposterior speed of the center of mass, and stabilizing 
and destabilizing forces) at two points in the control trial and before/
after the warning cue of the first familiarization trial and first random 

trial. Black corresponds to young adults and gray to older adults. 
Data points and error bars represent the mean value of each vari-
able and one standard deviation, respectively. C Control Trial, P125 
First Familiarization Trial, R1 First Random Trial, Pre Pre-warning, 
Post Post-warning, COP center of pressure, COM center of mass, 
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001
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despite the absence of interaction between trials, warn-
ing cues and groups (F(1.6, 28.9) = 1.67, p > 0.20), the effect 
size differed between the trials and groups (Table  2). In 
younger adults, there was little or no change in gait param-
eters between the two sets of gait cycles in the control trial 
(ES < 0.06, except for step width: ES = 0.29), but the effect 
of the warning cue in the first familiarization trial was 
more significant (ES > 0.19) and in an opposite direction 
(except for the destabilizing force where ES = 0.04 in the 
control trial and ES = 0.22 in the first familiarization trial). 
This effect was maintained in the random trial after expe-
riencing a series of perturbations (except for step length, 
ES = 0.28 in the first familiarization trial and ES = 0.00 
in the random trial). In the older adults, the warning cue 
showed little or no effect in the three trials analyzed. In the 
trials with perturbations, the effect of the warning cue was 
not larger (ES < 0.11) and the direction was identical to the 
small changes observed in the control trial (except for step 
length).

The group factor (young vs. older) revealed a greater 
step length (F(1, 18) = 14.5, p = 0.001), a smaller step width 
(F(1, 18) = 8.68, p = 0.009), a shorter duration of double sup-
port (F(1, 18) = 5.42, p = 0.032), a higher stabilizing force 
(F(1, 18) = 7.58, p = 0.013), and a higher anteroposterior 
speed of the center of mass (F(1, 18) = 9.06, p = 0.008) in 
young adults compared to older adults, which was not mod-
ulated by the warning cue (F(1, 18) = 0.96, p > 0.34), except 
for the stabilizing force (see previous paragraph) between 
trials (F(2, 36) = 1.56, p > 0.21).

Changes were also observed between trials, with no 
effect on the warning cue (no interaction, except for 
step width; see above). The duration of double support 
decreased (F(1.6, 27.9) = 14.6, p = 0.001) between the control 
trial and the random trial (F(1, 18) = 18.17, p = 0.001). The 

relative position of the center of pressure was further back 
in the familiarization trial than in the control trial (trial 
effect: F(2, 36) = 4.78, p = 0.014, contrast: F(1, 18) = 6.95, 
p = 0.017). An effect of the trials was found for the desta-
bilizing force (F(1.3, 22.9) = 4.1, p = 0.047) but without a sig-
nificant effect between trials (F(1, 18) = 3.1, p > 0.09).

Discussion

The main objective of this study was to quantify the effect 
of psychological threat on gait by comparing walking and 
balance parameters before and after a verbal warning cue 
indicating imminent gait perturbations in young and older 
healthy populations. We hypothesized that psychological 
postural threat would have similar effect but with a lower 
magnitude as those observed during a postural threat 
induced by the manipulation of the physical environment, 
as previously published.

The changes found after the warning showed that it 
played its role as a postural threat. Young participants 
indeed reduced the length and increased the width of 
their steps, positioned their center of mass further for-
ward in their base of support, while the stabilizing force 
increased and the destabilizing force decreased to con-
front the risk of balance destabilization (Adkin et  al. 
2002). Unlike most postural threats used until now, our 
protocol did not impose a more physically difficult situa-
tion during the warning cue but only introduces the risk 
of future danger: the gait conditions did not differ from 
control gait at the time of the warning cue in either per-
turbation trial. In addition, these results were obtained in 
individuals who declared having no fear of falling dur-
ing clinical examination. Yet, following the changes in 

Table 2   Importance of the warning effect expressed as effect size for various gait variables

YA younger adults, OA older adults, ES effect size, CI 95% confidence interval, C control trial, P125 first familiarization trial, R1 first random 
trial, AP anteroposterior, COM center of mass

ES C ES P125 ES R1

YA OA YA OA YA OA

Step length −0.06 −0.01 0.28 0.11 0 0.09
CI (−0.94; 0.81) (−0.89; 0.86) (−0.6; 1.2) (−0.77; 0.99) (−0.87; 0.87) (−0.79; 0.98)
Step width 0.29 −0.04 −0.34 −0.1 −0.25 −0.08
CI (−0.6; 1.17) (−0.92; 0.84) (−1.23; 0.55) (−0.98; 0.78) (−1.13; 0.63) (−0.95; 0.8)
AP relative position 

of the COM
0.02 −0.06 −0.19 −0.32 −0.26 −0.1

CI (−0.86; 0.89) (−0.94; 0.82) (−1.07; 0.69) (−1.2; 0.57) (−1.14; 0.62) (−0.97; 0.78)
Stabilizing force 0 0.01 −0.23 0 −0.28 0.01
CI (−0.87; 0.88) (−0.86; 0.89) (−1.1; 0.65) (−0.88; 0.88) (−1.17; 0.6) (−0.87; 0.89)
Destabilizing force 0.04 0.01 0.22 0.08 0.3 0.06
CI (−0.84; 0.91) (−0.86; 0.89) (−0.66; 1.1) (−0.8; 0.95) (−0.6; 1.19) (−0.82; 0.94)
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psychological conditions, as induced by the warning cue, 
the young participants adapted their gait, similarly to 
what is found using physical threats (Adkin et  al. 2000; 
Hauck et  al. 2008) or among persons who are afraid of 
falling (Adkin et al. 2002; Chamberlin et al. 2005). This 
demonstrates that as a physical threat, psychological 
threat has an effect on walking and balance.

The effect of the psychological postural threat was of a 
small magnitude, likely smaller than the effect of a physical 
postural threat, compared to mean values presented in the 
previous publications. A 5% decrease in step width caused 
by the possibility of a tripping reaction is described in the 
literature (Pijnappels et  al. 2001). Our results showed a 
3% decrease in step width among young participants fol-
lowing the introduction of the warning cue. This supports 
our first hypothesis but requires direct comparison in the 
same group of participants to be confirmed. Moreover, the 
effects found after the warning cue could not be attributed 
to familiarization of walking on the treadmill, because the 
adjustments between the two sets of gait cycles in the con-
trol trial and before/after the verbal warning cue were dif-
ferent; the warning thus had a greater effect than natural 
gait variations. This suggests that the impact of a physical 
postural threat measured in other studies may reflect both 
the physical and psychological aspects of the threat pro-
duced by the heightening or narrowing of the walking sur-
face. The dissociation of the effects of physical and psycho-
logical threats, therefore, seems possible to evaluate only 
the impact of the psychological state on balance control.

The second objective was to evaluate the effect of age on 
gait adaptations following a psychological postural threat. 
We assumed that the impact of a psychological postural 
threat would be more significant among older people. In 
each trial, the older group showed smaller stride length, 
greater step width, longer duration of double support, lower 
stabilizing force, and anteroposterior speed of the center 
of mass than the younger group. Without postural threats, 
these differences in walking and balance parameters 
between young and older people are common due to slower 
gait speed (Brown et  al. 2002a). It is well known that in 
an environment where the perception of a fall is greater, 
older people alter their gait to be in a safer balance situation 
(Delbaere et  al. 2009). In addition, the older adults tend 
to have greater postural responses to conditions they per-
ceive as threatening to their stability. In similar conditions, 
young adults perceive threats as less intimidating (Laufer 
et al. 2006). On the other hand, the amount of attention that 
the older persons dedicate to postural control when anxiety 
increases is more significant than in younger adults (Brown 
et al. 2006). Our older participants had a slower gait speed 
on the treadmill only, likely to reduce the risk of falling and 
increase their safety (Brown et al. 2002a). These alterations 
in balance due to reduced gait speed could have limited the 

possibility to further adapt gait to the psychological threat 
and to the impending perturbations in the older adults.

The analysis of effect sizes revealed that a psychologi-
cal postural threat reproduced the same effect as a physi-
cal postural threat in young participants. Adjustments 
following the introduction of the warning cue were much 
smaller in the older participants. Analysis of the individual 
data revealed that only three out of ten older participants 
showed similar results to the young participants, and every 
young participant showed effects (8–10 out of 10 young 
subjects, depending on variable affected by the warning). 
In situations, where balance is threatened, older adults pre-
fer to maintain postural control by adopting safer strategies 
rather than to complete the task (Adkin et al. 2002). This 
could explain the absence of the warning effect in most of 
the older people, because they already adapted their gait 
during the control trial at the beginning of the experiment. 
They might have already been more vigilant and changed 
their gait to maintain safer balance before the introduction 
of the warning cue (Adkin et al. 2002). One can consider 
the idea of a limit in feasible adaptations, such that the 
possibility of changes may be too small to adapt their gait 
when faced with a threat without affecting their balance or 
gait function. Based on these results, the older adults seem 
less sensitive to verbal warnings of an impending danger.

The final objective was to assess the impact of a verbal 
warning cue indicating an imminent perturbation in walk-
ing and balance changes under two conditions: the first 
introduced a perturbation not yet experienced by the partic-
ipants, while the second introduced known but unpredict-
able perturbations. We assumed that having already experi-
enced the perturbations alluding to the threat would change 
the effect. However, the effect of the warning cue did not 
change between the two perturbation conditions. Usually, 
adaptation to repeated perturbations is specific (Bhatt et al. 
2013) and in the direction of the perceived threat (Laufer 
et al. 2006). Here, the type of adaptation was not depend-
ent on the previous experience of perturbations or on the 
type of warning. Consequently, the observed adaptation 
may be a non-specific answer to a general threat to bal-
ance rather than a specific response to a known impending 
perturbation. Because the observed responses to the threat 
are generic and not modulated based on the content of the 
warning cue, one can question the beneficial effect of these 
strategies for the participants.

Study limitations

The presence of a harness and the experimental environ-
ment with the treadmill can be considered study limi-
tations, because they fail to represent a real situation; 
they reduce the risk of injury in case of a fall and require 
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maintenance of a steady gait speed, even though it is known 
that reducing speed is a strategy used to reduce the risk 
of falling (Espy et al. 2010). No direct stress level assess-
ment (such as the galvanic skin response) or evaluation of 
the subjective perception of threat evoked by the warning 
cue was conducted. Hence, it is difficult to ensure that the 
warning was perceived as a threat by the participants other 
than by the similarity of the responses to the physical threat 
observed before. In addition, a direct comparison between 
a physical and psychological threat would be more valid 
to compare the magnitude of the effects of each situation. 
Only a comparison of mean values obtained in the previ-
ous studies could be performed. With a small sample size, 
this study lacked the statistical power to differentiate the 
effect between groups and yielded wide confidence inter-
vals for sample sizes. In the absence of preliminary data 
on the effect of psychological threat, it was not possible to 
determine an adequate sample size. Despite that fact, calcu-
lation of effect size was used to show the magnitude of the 
effects and to facilitate comparisons with other studies on 
the same topic (Fritz et al. 2012). Analysis of the individ-
ual data showed that a few older adults exhibited the same 
behaviour as younger adults and the small sample size pre-
vented this behaviour from being explained based on clini-
cal characteristics.

Conclusion

The introduction of a psychological threat altered gait and 
balance parameters in the young participants. These effects 
were similar to those previously induced by a physical 
postural threat, only of lesser magnitude. This effect was 
not specific to the warning announcing perturbations and, 
therefore, seemed rather associated with the imminent, gen-
eral danger it could represent for balance. The absence of 
the warning effect in most of the older group suggests that 
the differences between the young and older adults already 
observed in the control condition may limit the possibil-
ity of older adults generating small-magnitude changes 
induced by the threat in young adults or a low sensitivity of 
the older participants to verbal warning. Further studies on 
this topic are needed to confirm these observations in each 
population, particularly to determine whether the absence 
of response to a verbal warning cue depends on certain 
clinical characteristics in older participants.
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