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Abstract—It is known that anxiety (ANX) impairs action–

perception coupling. This study tests whether this

impairment could be associated with an alteration of the

sensorimotor function. To this aim, the cortical activities

underlying the sensorimotor function were recorded in

twelve volunteers in a reach-to-grasp paradigm, in which

the level of ANX and the position of a glass were manipu-

lated. The experimental manipulation of the ANX-related

somatosensory state was expected to prompt participants

to underestimate their reaching-to-grasp capabilities while

the sensorimotor-related oscillatory brain activities around

the 6-Hz (h) frequency over motor-related and parietal

regions were expected to be modulated. We also investi-

gated the oscillatory brain dynamics around the 11.5-Hz

(fast-a) frequency as a neural hallmark of ANX manipulation

induced by the breath-restriction. Results indeed showed

that participants underestimated their reaching-to-grasp

maximal performance. Concomittantly, h-EEG synchroniza-

tion over the motor cortex contralateral to the dominant

hand was higher during glass presentation under breath-

restriction condition (+20.1%; p< 0.05), and when the

glass was perceived as non-reachable (+20.0%; p< 0.05).

Fast-a-EEG desynchronization was reduced under

breath-restriction (!37.7%; p< 0.05). The results confirm

that ANX-related impairment of action–perception coupling

co-modulates with theta-sensorimotor rhythm. This finding

is discussed as an altered ‘‘readiness state” in the

reaching-related cortical network, while individuals are

anxious. ! 2016 IBRO. Published by Elsevier Ltd. All

rights reserved.

Key words: action–perception coupling, sensorimotor func-

tion, motor region, parietal region, theta activity.

INTRODUCTION

It is widely accepted that the neuronal processes involved

in action and perception interact, making the action–

perception coupling a crucial component in achieving

efficient visuomotor actions (Prinz and Hommel, 2002).

These neural processes includes the encoding and asso-

ciation of visuospatial and somatosensory (including sen-

sorimotor) afferences during the preparation and initiation

phase of the movement, and their update when motor

running until the action is achieved (Cruikshank et al.,

2012).

But the action–perception processes occurring when

the goal of the action is visually identified can be

impaired with changes in somatosensory state, as

reported under anxiety (ANX) state with misestimated

reaching capabilities (Pijpers et al., 2006; Graydon

et al., 2012; Daviaux et al., 2016). Despite the fact that

action–perception coupling in reaching tasks is well inves-

tigated so far (e.g., Wamain et al., 2016), only few study

focused on the cortical correlates for such an impaired

action–perception coupling in the context of emotional

valence (Valdés-Conroy et al., 2014). Yet this issue is

crucial to understand and prevent movement disorders

in the field of public health (e.g., Lee et al., 2001;

Higuchi et al., 2009; Guardia et al., 2010, 2012; Smith

et al., 2011; Hackney and Cinelli, 2013; Sakurai et al.,

2013). We thus examined the effect of ANX state on

participants’ perceived reach-to-grasp abilities while the

electroencephalographic (EEG) brain activities were

recorded.

To ease the understanding, we refer here to

‘‘action–perception coupling” as a perceptual

occurrence, and ‘‘sensorimotor function” as the

neurophysiological processing of motor- and body-

representation-related afferences which is part of the

processes underlying the action–perception coupling.

http://dx.doi.org/10.1016/j.neuroscience.2016.09.033
0306-4522/! 2016 IBRO. Published by Elsevier Ltd. All rights reserved.

*Corresponding author at: University of Nantes, Laboratory
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Guy Mollet, BP 72206, 44322 Nantes Cedex 3, France. Fax: +33 (0)
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E-mail address: thibault.deschamps@univ-nantes.fr (T. Deschamps).
Abbreviations: actual-Dmax, maximal actual reach-to-grasp
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experimental control condition; NON-REACH, non-reachable-to-be-
grasped experimental condition; perceived-Dmax, maximal perceived
reach-to-grasp performance; REACH, reachable-to-be-grasped
experimental condition.
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ACTION–PERCEPTION COUPLING AND THE

SENSORIMOTOR FUNCTION

Previous studies have shown that impaired action–

perception coupling occurs in patients with conditions

that encounter sensorimotor disorders (e.g., body spatial

awareness) such as Parkinson’s disease (Lee et al.,

2001; Smith et al., 2011) or anorexia nervosa (Guardia

et al., 2010, 2012). The same applies in older healthy indi-

viduals who experience progressive regression of senso-

rimotor functions (Luyat et al., 2008; Noël et al., 2011;

Hackney and Cinelli, 2013; Sakurai et al., 2013). These

findings raised the question of whether the alteration of

somatosensory state, such as under ANX, is associated

with an alteration in sensorimotor function leading to the

impairment of action–perception coupling (Graydon

et al., 2012; Daviaux et al., 2016).

NEUROPHYSIOLOGICAL CONTEXT OF THE

ACTION–PERCEPTION COUPLING

The reaching-to-grasp paradigm, which involved hand–

object interactions, is the main task used in behavioral

studies to investigate the relationship between ANX and

action–perception coupling (e.g., Pijpers et al., 2006;

Graydon et al., 2012; Daviaux et al., 2016). Such a per-

ceptual task potentiates visuomotor transformations parti-

tioned in the brain into sub-sensorimotor-components

(Ellis and Tucker, 2000; Borghi and Riggio, 2009). It

specifically involves the fronto-parietal network and the

motor-planning-related regions (Fogassi, 2007; Binkofski

and Buxbaum, 2012; Bartolo et al., 2014). The exchanges

of multimodal information between the premotor and

posterior-parietal regions allow the sensorimotor repre-

sentation of individuals’ body and its awareness regarding

the environment (Graziano and Botvinick, 2002; Thurm

et al., 2011). In such a cortical network, modulations of

the EEG activity "6 Hz, so-called the theta (h) rhythm,

can be used to reflect the sensorimotor function as it

was thought to allow the motor and sensory systems to

update each other and coordinate their activities

(Klimesch, 1999; Bland and Oddie, 2001; Caplan et al.,

2003). In a motionless context where a to-be-reached tar-

get is visible, an increasing level of event-related h-EEG

activity spectral power over the motor and parietal regions

is suggested to ‘‘initiates a series of sensory transforma-

tion and activates cortical sensorimotor networks” for

motor planning (Cruikshank et al., 2012, p.69). Given that

achieving reaching behaviors requires an efficient senso-

rimotor function, studies have particularly focused on the

motor regions and the posterior-parietal regions to assess

their involvement in pointing-reaching tasks when spatial

cues were manipulated (Curtis et al., 2004; Praamstra

et al., 2009; Tombini et al., 2009; Cruikshank et al.,

2012; Rawle et al., 2012). Moreover, Bartolo et al.

(2014) have shown that reachability judgements involve

motor-related brain processing, with an involvement of

fronto-parietal cortical network including the motor cortex

and the cerebellum. Taken together, these findings pro-

vide evidences that judging reachability cannot be consid-

ered as a simple visual task, and rather requires to

investigate the activity of the motor-related cortical

regions to understand impairment in perception of reach-

ing capabilities.

WORKING HYPOTHESIS

According to the aforementioned background, the present

study examines the h-EEG activities over the motor and

posterior-parietal regions as a marker of altered

sensorimotor function for impaired action–perception

coupling. Participants were required to estimate whether

a glass could be reached-and-grasped while their EEG

brain activities was recorded. An underestimation of

their reaching-to-grasp capabilities was expected when

individuals were breathing-restricted, which

corresponded to a validated situation to manipulate ANX

(Graydon et al., 2012; Daviaux et al., 2016). As the main

hypothesis of this work, we hypothesized that the under-

estimation of the reaching-to-grasp capabilities under

ANX would be associated with altered sensorimotor func-

tioning. This latter should be revealed by a co-modulation

in h-EEG synchronization over the motor-related and

posterior-parietal regions. We also focused on contralat-

eral and ipsilateral motor regions; previous studies have

indeed found simultaneous activation during the prepara-

tion phase prior to reaching movement with the dominant

hand (Tombini et al., 2009; Cruikshank et al., 2012).

Also, it has to be noted that ANX impairs the

performance of the attentional system: the individuals’

attentional resources can shift from a task-relevant

stimulus to an eventual threat-relevant stimulus in

stressful situations, or individuals can enhance the

attentional effort to maintain their performance (Eysenck

et al., 2007). The amplitude of the EEG activity "10 Hz

[alpha rhythm (a)] reflects the amount of the neural popu-

lations involved in the attentional processes (Niedermeyer

and Lopes da Silva, 2005). Ascending level of a-EEG

desynchronization accounts for ascending task-

engagement due to the task’s attentional demands

(Stipacek et al., 2003). This a rhythm is classically divided

into two sub-rhythms, namely slow-a and fast-a rhythms

(Klimesch, 1999). The slow-a rhythm accounts for gen-

eral, non-specific attention over broad regions of the

brain, whether the fast-a rhythm is especially sensible to

task-related attentional modulation over the parietal

regions (Gevins et al., 1997; Klimesch, 1999; Stipacek

et al., 2003). Thus, in complement to the main hypothesis

regarding the sensorimotor h-EEG activity, we also

focused on the fast-a-EEG activity over the parietal

regions as a task-related indication of the brain activity

that could account for an effective manipulation of the

brain ANX-network state – from the hypothalamic–pituitar

yadrenal axis to the activation of brainstem nuclei

(Steimer, 2002) – related to the breathing restriction.

METHODS

In this study, we replicated the experimental setup,

experimental conditions, and task procedure reported in

Daviaux et al. (2016). The main features are briefly

reported here in order to improve the readability of the

present work while optimizing its understanding. Readers

Y. Daviaux et al. / Neuroscience 339 (2016) 32–46 33



are invited to refer to the methodological section of

Daviaux et al.’s (2016) study for details.

Participants

Thirteen right-handed students at Paul Sabatier

University of Toulouse, France, voluntarily participated

in the experiment. One of the participants felt an

excessive discomfort in the breath-restricted condition

and could not complete the entire session. This

volunteer was excluded from the statistical analyses.

Thus, the analyses were conducted on the data

collected from twelve volunteers (5 men, 7 women,

mean age 21.2 ± 3.8 years, Edinburg Handedness test

score +64.0 ± 21.3, Oldfield, 1971). None of the partici-

pants exhibited visual or physical impairment. They were

not familiar with the experimental design procedures.

They were clearly informed of the experimental breathing

restriction (ANX) manipulation before providing their writ-

ten consent. Participants were not paid for their participa-

tion. The experiment was conducted according to the

Helsinki Statement (1964).

EXPERIMENTAL SETUP

Participants sat in a darkened room in front of modified

Box for Interaction with Objects system (BIO system,

Oliveira et al., 2012) synchronized with a computer run-

ning Presentation software 0.81 (Neurobehavioural Sys-

tems Inc., Albany, CA) (see Fig. 1c for an illustration).

The surround-displaying inner box reflected a neutral

and black uniform environment. The room’s luminance

was measured to be about 27-lx with a light meter (Lux-

mètre MS-1300, Voltcraft, Lomme, France). When the

LEDs inside the BIO system were ignited, the luminance

inside the box was about 52-lx while the luminance at

the level of participants’ eyes remained to be about 27-

lx. The participants’ position was standardized, as illus-

trated in Fig. 1c. They were instructed to maintain their

right hand in a congruent anatomical configuration for

glass grasping (Natraj et al., 2013). Participants could

not see their arm, to prevent them capturing any feedback

during the experimental task.

EXPERIMENTAL CONDITIONS

The perceptual task was performed in control (CTL) and

ANX conditions (Fig. 1a).

In CTL condition, participants were asked to wear a

nose clip (Nabaiji Pince Nez, Oxylane, Villeneuve-

d’Ascq, France) and breath normally through their

mouth when performing the experiment task.

In ANX condition, a device comprising a mouthpiece,

a 2-mm-diameter pipe, and an air outlet (ProRhinel,

Novartis Pharma SAS, France) was employed to induce

ANX from breath restriction (Fig. 1b). Participants

breathed through the breathing set while they wore the

same nose clip as in CTL when performing the

experiment task. An optimal strategy to keep the

participants in a high but tolerable restricted breathing

condition was applied prior to the experimental session

to set the breath restriction level by filling the air outlet

with cotton (Daviaux et al., 2016). During the experimen-

tal session, a 1 min of breathing restriction allowed condi-

tioning the participants before each set of trials in ANX

condition. They had to keep breathing with the breathing

set throughout the ANX trials.

TASK PROCEDURE

For both CTL and ANX, the participants had to estimate

whether the proximity of a glass was sufficient to allow

them to reach it and grasp it with their right hand by

extending their arm without torso anteroposterior flexion

or sagittal rotation, i.e., in experimental restriction

condition allowing only shoulder and elbow

flexion–extension in the transverse plane. An

experimenter’s demonstration, performed on a table

away from the BIO system, exemplified the instructions.

Participants were advised to never extend their arms

through the box to prevent them capturing any feedback

on their reach-to-grasp capabilities. The glass was a

white goblet with no handle, 8.5-cm high and 7-cm in

diameter. It was placed on an invisible, dimension-

matched trolley in the middle of the anteroposterior axis

of the BIO system and moved from one location to the

next along the anteroposterior axis by a wooden stick

attached to the small trolley. During the trials, the

wooden stick remained invisible to the participant.

For every estimation of the glass reachability,

participants reported their breathing discomfort score

both for CTL and ANX conditions. The discomfort

scores accounted for a range from 0 = ‘‘calm enough to

fall asleep” to 100 = ‘‘feeling as if you could have a

panic attack”.

Five CTL and five ANX sets of 30 trials were

randomized, resulting in 300 trials. A minimum of 3 min

of rest were systematically allocated to the participants

between every set of trials (ANX and CTL).

RECORDINGS

Behavioral recording

Maximal perceived reach-to-grasp performance. The

experimenter adjusted the Glass Position with the

wooden stick while the BIO system was switched off.

Participants thus remained unaware of the Glass

Position until the BIO system was turned on again.

Prior each trial, participants gazed at a red fixation

point displayed into the box on the rear panel, in the

same horizontal plane than their eyes. The

experimenter then switched on the inner LEDs of the

BIO system: the Glass Position was shown for 300-ms

after which the BIO system was switched off. The

computer running Presentation software delivered a

sound-trigger 1500-ms after the stimulus onset. It

prompted the participants to report whether they felt

able to reach-and-grasp the glass and to report their

score on the breathing discomfort scale. Participants

reported the perceived reachability verbally, to avoid any

update of the perceived reaching-to-grasp capabilities

when breath-restricted that could arise from

‘‘learning-by-doing” process (Franchak et al., 2010) and

34 Y. Daviaux et al. / Neuroscience 339 (2016) 32–46



during ongoing movement (Hackney and Cinelli, 2013).

One trial procedure is depicted in Fig. 1d. Answers pro-

vided 2200-ms after the end of the stimulus onset were

excluded from the data analysis. Less than 0.5% of all

answers were excluded. No indication of the upcoming

stimuli apparition was provided to magnify the visuomotor

transformations elicited by the Glass Positions (for further

explanations, see the method section in Daviaux et al.,

2016). Participants were told trials were separated by

5-s to 10-s break.

The Glass Positions were presented according to the

constant stimuli method (Kingdom and Prins, 2009). The

Hidden glass
position

Hidden glass
position

Visible glass
position

Reachability (“Yes/No”) 
+

lying

vs.

Fig. 1. Original paradigm of the experimentation. (a) Perceived-Dmax is taken as the maximal distance that the participant judged to be able to

reach-and-grasp the glass, and it was compared between a control condition (CTL) and a breath restriction condition (ANX). (b) The breathing set

used to induce anxiety composed of a mouthpiece/a 2-mm pipe/an air outlet and a nose clip. Participants also wore nose clip during the control

condition. (c) The BIO system, adapted from Oliveira et al. (2012). The participants’ positions were standardized while they stood in front of the

device. (d) Procedure for one trial. The same procedure was repeated for 300 trials, i.e., 150 trials in CTL and 150 trials in ANX.

Y. Daviaux et al. / Neuroscience 339 (2016) 32–46 35



potential Glass Positions were randomized across 150 tri-

als, i.e., 5 sets of 30 trials, for both CTL and ANX condi-

tions to prevent order effects (Hirose and Nishio, 2001).

Considering the inter-individual variability of perceptual

capabilities (Kanai and Rees, 2011), ranges of displayed

positions were individualized to enhance the robustness

of the constant stimuli method (adapted from the recom-

mendations of Kingdom and Prins, 2009). To do so, two

ranges of 15 random positions (from 70-cm to 98-cm with

a 2-cm discrete step) were presented prior to the experi-

mental session. The lowest (highest) value of the individ-

ual ranges presented during the experiment was

determined by subtracting (adding) 12-cm from (to) the

lower (upper) distance at which the participants reported

being (unable) able to reach-and-grasp the glass from

these two ranges presented prior to the experiment. The

individual ranges tested during the experimental sets of

trials were 65.7 ± 5.0 cm to 101.3 ± 2.7 cm and all stim-

uli were presented 8.1 ± 0.5 times in average.

Maximal actual reach-to-grasp performance. At the

end of the experiment, the distance between the right

acromion and the fleshy part between the right thumb

and the index at fully extended arm position was

measured. It was considered as the maximal

participants’ reach-to-grasp distance (actual-Dmax).

Electrophysiological recording. Participants wore a

64-channel EEG cap (ActiveII cap, Biosemi Inc.,

Amsterdam, The Netherlands) using the international

10–20 system to record neural activity with Ag/AgCl

electrodes. The electro-oculogram (EOG) was recorded

from the right-eye (one electrode beneath and one on

the lateral side) to discern blinks. The

electromyographic activity (EMG) of the main muscles

promoting the extension-flexion movement around the

participant’s right elbow joint was also checked to

ensure that the perceptual task was performed at rest

and to rule out any interpretation of muscle activity in

the neural firing (Holmes and Spence, 2004). The biceps

brachii was chosen to represent the elbow flexors while

the lateral head of the triceps brachii was chosen to rep-

resent the elbow extensors (Buchanan et al., 1989).

EMG was collected using bipolar surface electrodes sep-

arated with a 2-cm inter-electrodes distance. The refer-

ence electrode for EMG data was positioned on the left

earlobe. Skin was prepared following the SENIAM recom-

mendations for EMG and EOG recordings (Hermens

et al., 2000).

For all signals, impedance was kept below 20-kX.

Signals were amplified with BioSemi Active-Two

amplifiers (ActiveII, Biosemi Inc., Amsterdam, The

Netherlands) sampled at 1024-Hz and recorded on a

dedicated computer. Events depicted in Fig. 1d were

triggered: the BIO system and computer running

Presentation software were synchronized with

electrophysiological recordings through a National-

Instrument acquisition hardware (NI USB-6216, National

Instrument, Austin, Texas, USA).

For later normalization purpose of EEG data,

participants performed 30 trials prior to the

experimentation while they remained naı̈ve about

grasping paradigm at this time, and the BIO system did

not contain a glass inside.

The normalization of the EMG data required

participants to perform 2 isometric 3-s maximal

voluntary contractions (MVC) with a 1-min rest in flexion

and in extension around the elbow joint. They were

seated with their trunk and their right upper limb was

maintained by the experimenter. The right arm was

positioned along the trunk. The forearm was supinated,

flexed at 90", and positioned under or over a table

depending on extension or flexion requirement. The

beginning and the ending of contractions were verbally

indicated. Encouragements were provided to ensure

maximal effort.

DATA ANALYSIS

Behavioral data

Maximal perceived reach-to-grasp performance. For

each participant, the perceived threshold for maximal

grasping (perceived-Dmax) was computed using a

psychometric method. The proportion of positive

grasping judgments (on the y-axis) was plotted as a

function of glass distances (x-axis) and optimally fitted

by a logistic function from the least-squares method.

The perceived-Dmax was defined as the value on the x-

axis when the logistic function reached a proportion of

0.5 (Fig. 2) (e.g., Guardia et al., 2010). It was computed

as follows:

Answer ¼
1

1þ e!b%ða!positionÞ

where b is the slope of the curve at the point where

Answer = 0.5, a is the perceived critical Glass Position

(i.e., perceived-Dmax in cm) with a 0.5 proportion of ‘‘yes”

response, and ‘‘position” is the Glass Position.

The individual perceived-Dmax in CTL condition was

considered as the baseline perceptual performance of

the participant. Note that in CTL condition, a systematic

over- or underestimation is assumed to be derived from

individuals’ inability to account for experimental

restrictions when assessing action capabilities (Rochat

and Wraga, 1997; Fisher, 2000; Graydon et al., 2012),

or from individual experience or features (e.g., Higuchi

et al., 2011). That is, a systematic difference between

actual-Dmax and perceived-Dmax in CTL condition is con-

sidered as a baseline misestimating. Consequently, this

individual difference between actual-Dmax and per-

ceived-Dmax in CTL condition was computed, and

removed from CTL perceived-Dmax and perceived-Dmax

ANX to account for this systematic baseline misestimating

(see also in Daviaux et al., 2016).

Breathing-discomfort-related ANX state. Breathing

discomfort scores were averaged for each set of 30

trials within both experimental conditions. Thus, five sets

of averaged scores were compared between CTL and

ANX.
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Trials classification. For the analysis of

electrophysiological data, trials were sorted according to

the maximal perceived reaching performance as in

Fig. 2. Following this, the number of averaged trials was

respectively 58.8 ± 21.7, 52.0 ± 22.6, 63.6 ± 20.9

and 47.3 ± 21.2 in the CTL REACH, CTL NON-

REACH, ANX REACH and ANX NON-REACH, without

a significant difference between the conditions

(p< 0.05).

Electrophysiological data

The processing of the electrophysiological dataset was

performed using MATLAB (The MathWorks, Natick, MA,

USA). EEGLAB toolbox (Delorme and Makeig, 2004)

was used to sort and pre-process filtered EEG data.

The time–frequency analysis of the EEG data was con-

ducted using the WavCrossSpec package (Bigot et al.,

2011) based on the wavelet package developed by

Grinsted et al. (2004).

EEG, EOG and EMG data pre-processing. EEG and

EOG data were down-sampled at 512 Hz, 1–100 Hz

band-pass filtered, and 45–55 Hz notch filtered. EMG

data were 10–400 Hz band-pass and 45–55 Hz notch

filtered. Filters were fourth-order, zero-lag Butter-worth

type filters.

Filtered EEG data were re-referenced to an averaged-

electrodes reference excluding faulty electrodes (0.7 ±

1.2 faulty electrodes were visually detected then

extrapolated). Signals were segmented into 1.3-s epochs

so the dataset corresponded to a [!1; +0.3 s] window

from the moment the Glass Position was revealed. An

independent component analysis (ICA) was applied on

epoched EEG and EOG dataset to correct blink and

ocular movement artifacts (Delorme et al., 2007). A visual

inspection of independent component scalp maps, power

spectrum, and raw activity was performed to reject typical

artifactual independent components. Finally, trials with

residuals EEG artifacts were visually identified and

rejected. 0.3% to 6% of trials were rejected across all

participants.
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Fig. 2. Trials sorting for EEG analysis based on behavioral answers. When the psychometric function reached 50% of positive answers for

reachability of the Glass Positions, the maximal perceived reach-to-grasp performance (perceived-Dmax) was assessed for CTL and ANX. Light gray

area includes CTL trials, and dark gray area includes ANX trials. Trials averaged for EEG data analysis were sorted based on behavioral analysis.

For both CTL and ANX, all Glass Positions that were perceived as ‘‘reachable-to-be-grasped” and remained closer to the participant compared ANX

perceived-Dmax were included in the reachable-to-be-grasped condition (REACH) (i.e., all trials with positive answer in the green area); all Glass

Positions perceived as ‘‘non-reachable-to-be-grasped” and remained farther than CTL perceived-Dmax were included in the non-reachable-to-be-

grasped condition (NON-REACH) (i.e., all trials with negative answer in the red area). Trials in the blue area were not considered in the analysis.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Individualization of theta and alpha frequency bands.

Theta (h) and alpha (a) frequency bands within EEG data

are conventionally introduced with fixed intervals,

[4–7.5 Hz] and [8–13 Hz], respectively (Sanei and

Chambers, 2007). However, in the current study,

frequency bands were individualized, as h-EEG and

a-EEG rhythmic patterns showed inter-individual differ-

ences in their frequencies (Doppelmayr et al., 1998;

Klimesch, 1999; Klimesch et al., 2000). Because h and

a bands share a common border, this procedure pre-

vented data overlap between h and a bands when fixed

frequency limit is considered.

Individual frequency bands were computed with the

channel reactivity based (CRB) method using CRB

functions in Matlab environment (Goljahani et al., 2012,

2014). The choice of CRB method was motivated by the

fact that the present increasing task demand relative to

the baseline rest state have opposite effect on the power

of h and a rhythms, i.e., an increase (synchronization) of h

spectral power and a decrease (desynchronization) of a

spectral power. The CRB procedure was applied to chan-

nels C3, FC3, C4, FC4, P3, P1, Pz, P2, and P4 for all tri-

als. The [0 + 300 ms] window dataset was the test

interval, and the [!600–100 ms] window dataset was

the reference interval. To compute the power spectrum

densities, Hanning window length was equal to full length

of test dataset and full length of reference dataset,

respectively. According to the guidelines for CRB analysis

parameters (Goljahani et al., 2012), the parameters of

shift and size of the scanning window on [8–13 Hz] fre-

quency band were wshift = 0.2 Hz and wsize = 2 Hz with

a regularisation factor k= 0.5 and a pre-located fraction

for the threshold of local minima of difference between

test and reference spectrums e= 0.5. Individual a peak

frequency (aIPF) as well as lower (alow) and upper (aupp)

limits for a band were computed using a minimum reactiv-

ity index equal to qmin = 0.15 lV2/Hz, a percentile value

p= 80 for the computation of sub threshold reactivity

index qsub, and a fraction of the maximum reactivity that

renders an electrode out of range at r= 0.5. For all par-

ticipants and the 9 electrodes of interest, 7.6 ± 1.1 elec-

trodes were considered to compute the individual

frequencies.

The lower threshold value of the h frequency band

(hlow) was computed as hlow = 0.4 % aIPF (Doppelmayr

et al., 1998). The upper threshold value of the h frequency

band (hupp) was taken as the lower value of the individual

a band (alow), i.e. hupp = alow. The lower threshold value

of the fast-a frequency band (fast-alow) was taken as the

individual peak frequency (aIPF), i.e. fast-alow = aIPF
(Doppelmayr et al., 1998). The upper threshold value of

the fast-a frequency band (fast-aupp) was taken as upper

value of the individual a band (aupp), i.e. fast-aupp = aupp.

According, frequency bands were individualized as

hlow = 4.4 ± 0.3 Hz, hupp = alow = 8.6 ± 0.8 Hz, fast-

alow = 10.9 ± 0.7, and fast-aupp = 13.5 ± 0.7 Hz.

Event related spectrum power processing of cortical

activity. For each experimental condition, the event-

related spectrum power (ERSP) was computed following

a full-epoch length single-trial baseline normalization

and gain model procedure (Grandchamp and Delorme,

2011). First, the power spectrum for every trial was com-

puted in the time–frequency domain. The number of

wavelet cycles (n) to apply to the individualized h and

fast-a frequency bands were adjusted based on the pro-

cessing of simulated data, respectively at nh = 3 and

na = 9 (Fig. 3).

Then, for every trial, each time–frequency point value

was divided by the average spectral power of the full

epoch period with the same frequency. Trials were

averaged within a given experimental condition and the

ERSP was computed for h and a frequency bands as

ERSP ¼ 10% log10

Powfreq

PowBLfreq

! "

:

where Powfreq is the spectral power for a given frequency

point, PowBLfreq is the mean spectral power for all baseline

points at the same given frequency, and ERSP is

expressed in dB. The baseline epoch was defined here

as [!600–100 ms] from the moment the glass appeared

in the box.

The increase and decrease in averaged ERSP in h

and fast-a bands during the [0; +300 ms] epoch refers

to event-related synchronization (ERSh) and event-

related desynchronization (ERDfast-a) (Fig. 4). Gain-

modulation in sensory processing was shown to be a

major regulation principle at a single neuron level and

for a population of neurons (Brown and Friston, 2012;

Serrano et al., 2013). Thus, the cortical activity related

to the whole experimental task (i.e., ERD and ERS) were

divided by a non-task-related cortical reactivity (CoRea) to

obtain normalized ERSh and ERDfast-a (Norm_ERSh and

Norm_ERDfast-a) that account for inter-individual variabil-

ity of the perceptual processes and allow to consider the

robustness of the task-related EEG modulations. The

non-task-related cortical reactivity was assessed in h

band (CoRea_ERSh) and fast-a band (CoRea_ERDfast-a)

from 30 trials performed prior to the experimental session,

while the BIO system did not contain a glass inside. EEG

data were pre-processed identically as experimental tri-

als. CoRea_ERSh and CoRea_ERDfast-a were computed

the same way as were ERSh and ERDfast-a for those 30

trials, respectively. Within ROI, normalized ERSh and

ERDa were computed as follows:

NormERSh
¼

ERSh

CoReaERSh

and

NormERDfast!a
¼

ERDfast!a

CoReaERDfast!a

where Norm_ERSh and Norm_ERDfast-a are non-unit

values, as they account for a proportion of ERSh and

ERDfast-a, respectively.

We then focused (1) on ERSh and Norm_ERSh activity

over the contralateral-motor region and ipsilateral-motor

region, and (2) on ERSh and Norm_ERSh as well as

ERDfast-a and Norm_ERDfast-a over the posterior-parietal

region.
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Regions of interest. The topographic scalp maps of

ERSh and ERDfast-a activities were computed (Fig. 5).

Driven by our hypothesis and these scalp maps, we

focused on the motor region contralateral and

ipsilateral to the dominant arm-hand as well as on the

posterior-parietal region. ROIs were defined from

sub-groups of electrodes according to Homan et al.

(1987) consisting of electrodes C3-FC3, electrodes

C4-FC4 and electrodes P3-P1-Pz-P2-P4, respectively.

Within ROIs, the data were channel-averaged and

the ERSP was computed based on the averaged

signal.
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Fig. 3. Optimization of the number of wavelet cycles on simulated signals. The figure depicts simulated time–frequency charts of 6.5-Hz (median

frequency of [4.4–8.6 Hz]) and 12.2-Hz (median frequency of [10.9–13.5 Hz]) sinusoid signal detection, with color code as an indicator of the

spectral power at a given frequency and n the number of wavelet cycles used in the Morlet wavelets analysis. The qualitative analysis based on 30

simulated signals of 300-ms showed that wavelet cycles adjusted at n= 3 and n= 9 allow optimal detection of oscillatory activities for individual

frequency bands around [4.4–8.6 Hz] and [10.1–13.5 Hz], respectively. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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EMG activation. The EMG activation was computed

for the right arm biceps brachii and triceps brachii. The

root mean square (RMS) value was computed for every

trial at [!600; 0 ms] (PRIOR) and [0; + 300 ms]

(DURING) time windows from the moment the glass

appears. The values were normalized to their respective

RMS from MVC for the biceps brachii and triceps brachii

computed over a period of 500-ms centered on muscular

onset-to-offset activation window.

STATISTICS

Statistical significance threshold was adjusted to

p< 0.05. Following the significant effects, Bonferroni

pairwise comparisons were used as post hoc tests.

Partial eta-squared (hp2) values are reported as

measures of effect size, with hp2P 0.07 and

hp2P 0.14 considered moderate and large effects,

respectively (Cohen, 1988).

Behavioral data

Maximal perceived reach-to-grasp performance. A

paired t-test was used to compare CTL and ANX in the

perceived-Dmax. The ratio of perceived-Dmax ANX

divided by actual-Dmax was also reported to provide an

informative estimation of the perceptual accuracy

relative to CTL (as the normalization procedure

accounts for a CTL ratio equal to 1).
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Fig. 4. Maps of the event related spectral perturbations per condition, for individualized h-EEG ([4.4–8.6 Hz] frequency band) and fast-a-EEG

([10.1–13.5 Hz] frequency band ERSP averaged across the 12 participants, per ROI and for each condition. For each time–frequency figure, the

horizontal axis is [!600 +400 ms] from the onset of glass apparition (vertical dashed line). The color code accounts for spectral power’s variation

relative to the baseline BL mean power, with warm colors (positive number) depict ERS event related synchronization whereas cold colors (negative

number) depict ERD event related desynchronization, expressed in decibel (dB). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Breathing-discomfort-related ANX state. A 2 Condition

(ANX vs. CTL) % 5 Sets of trials ANOVA was conducted

using the mean discomfort score [0–100] as the

dependent variable.

Electrophysiological data

Trials classification. To insure that Conditions were

comparable according to the behavioral results after

trials classification, a 2 Breathing Condition (ANX vs.

CTL) % 2 Glass Position (REACH vs. NON-REACH)

ANOVA was performed on averaged Glass Positions.

Event related spectrum power processing of cortical

activity. An ANOVA with 2 Conditions (ANX vs. CTL) % 2

Glass Positions (REACH vs. NON-REACH, see Fig. 2) as

repeated measures was conducted with 8 EEG

dependent variables: (i) ERSh and Norm_ERSh over the

contralateral-motor region, (ii) ERSh and Norm_ERSh

over the ipsilateral-motor region, (iii) ERSh and

Norm_ERSh over the posterior-parietal region, and (iv)

ERDfast-a and Norm_ERDfast-a over the posterior-parietal

region. ERSh and Norm_ERSh are supposed to reflect

the sensorimotor function while ERDfast-a and

Norm_ERDfast-a are supposed to reflect attentional

processes.

Baseline power-spectrum. A paired samples t-test

(ANX vs. CTL) was performed for the 4 EEG dependent

variables: (i) PowBLfreq-h over the contralateral-motor

region, (ii) PowBLfreq h over the ipsilateral-motor region,

(iii) PowBLfreq h over the parietal region and (iii) PowBLfreq

fast-a over the parietal region.

Background EMG muscular activation. A repeated-

measures ANOVA with 2 Conditions (ANX vs. CTL) % 2

Glass Positions (REACH vs. NON-REACH) % 2 Epochs

(PRIOR vs. DURING the stimulus presentation) as

repeated measures was conducted on background

muscular activation data for both biceps brachii and

triceps brachii.

RESULTS

Data distributions consistently passed the Kolmogorov–

Smirnov normality test, and thus all data are reported as

mean ± standard deviation (or standard error when

indicated) throughout the text and figures.

Behavioral data

The t-test revealed a significant effect of Breathing

Condition, with lower values of perceived-Dmax in ANX

compared to CTL for absolute values (mean distance

84.3 ± 7.9 cm vs. 85.7 ± 7.8 cm) [t(1,11) = 6.277,

p= 0.029, hp2 = 0.363] (Fig. 6a left). The participants

underestimated their reaching-to-grasp capabilities in

ANX condition, as evidenced by the mean ratio between

perceived- and actual-Dmax in ANX of 0.98 ± 0.03.

The ANOVA ensured that participants experienced

discomfort and stress when breath restricted, as

indicated by the main effect of Breathing Condition:

participants reported significant higher discomfort scores

in ANX than in CTL condition (mean score 71.9 ± 10.3

vs. 11.6 ± 7.8) [F(1, 11) = 603.68, p< 0.001,

hp2 = 0.982]. The effect of sets of trials [F(4, 8)

= 0.453, p= 0.769, hp2 = 0.185] and condition % sets

of trials interaction [F(4, 8) = 0.849, p= 0.532,

hp2 = 0.298] were non-significant (Fig. 6a right).
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Fig. 5. Averaged scalp map of the topographic distribution of ERSh ([4.4–8.6 Hz] frequency band) and ERDfast-a ([10.1–13.5 Hz] frequency band).

Activities are reported for the [0 +300 ms] time window from the onset of the glass apparition. The color code accounts for spectral power’s variation
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such a maximal activity can overshadow the moderate activity of the adjacent cortical regions involved in visuomotor task-related processing. Based

on our hypothesis, we then focused on the contralateral and ipsilateral motor-related brain regions, as well as the posterior parietal brain region. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Y. Daviaux et al. / Neuroscience 339 (2016) 32–46 41



Electrophysiological data

Trials classification. The ANOVA revealed a main

effect of Glass Position in that averaged Glass Position

of trials sorted after the behavioral analysis were closer

of the participants in REACH condition compared to

NON-REACH condition (74.1 ± 6.0 cm vs. 94.3

± 5.9 cm) [F(1, 11) = 819.06, p< 0.001, hp2 = 0.987].

The main effect of Breathing Condition [F(1, 11) = 3.54,

p= 0.087, hp2 = 0.243] and Breathing

Condition % Glass Position interaction [F(1, 11) = 2.84,

p= 0.120, hp2 = 0.206] were non-significant.

Accordingly, as a methodological prerequisite, these

results attest that the analysis of electrophysiological

data was performed at comparable behavioral

conditions after trials classification.

Contralateral-motor region. ERSh. A main effect of

Glass Position was revealed by the ANOVA, showing that

the amplitude of ERSh was significantly smaller in REACH

than in NON-REACH position (values 1.89 ± 0.97 dB vs.

2.22 ± 0.88 dB) [F(1, 11) = 4.861, p= 0.048,

hp2 = 0.306]. A main effect of Breathing Condition was

also shown: the amplitude of ERSh was smaller in CTL

than in ANX condition (value 1.86 ± 0.86 dB vs. 2.25

± 0.97 dB) [F(1, 11) = 6.188, p= 0.030, hp2 = 0.360].

The Breathing Condition % Glass Position interaction

was not significant [F(1, 11) = 0.271, p= 0.613,

hp2 = 0.024].

Normalized ERSh. The ANOVA revealed a main effect

of Glass Position: the amplitude of NormERSh was

significantly smaller in REACH than in NON-REACH

position (ratio 1.18 ± 1.19 vs. 1.41 ± 1.30) [F(1, 11)

= 6.94, p= 0.023, hp2 = 0.387]. A main effect of

Breathing Condition was also revealed, indicating that

the amplitude of NormERSh was smaller in CTL than in

ANX condition (ratio 1.18 ± 1.20 vs. 1.41 ± 1.29) [F(1,

11) = 5.61, p= 0.037, hp2 = 0.338]. The

condition % Glass Position interaction was not significant

[F(1, 11) = 1.265, p= 0.285, hp2 = 0.103] (Fig. 6b).

PowBLfreq-h. The T-test did not show statistical

difference for PowBLfreq-h over the contralateral motor

region between CTL and ANX (values 1.01 ± 0.1 dB vs.
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here.
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0.96 ± 0.1 dB) [t(1, 11) = 2.204, p= 0.166,

hp2 = 0.167].

Ipsilateral-motor region. ERSh. The effects of

Breathing Condition [F(1, 11) = 3.339, p= 0.095,

hp2 = 0.233], Glass Position [F(1, 11) = 0.239,

p= 0.634, hp2 = 0.021], and Breathing

Condition % Glass Position interaction [F(1, 11) = 0.899,

p= 0.363, hp2 = 0.076] were non-significant for ERSh.

Normalized ERSh. No effect of Breathing Condition

[F(1, 11) = 4.203, p= 0.075, hp2 = 0.176], Glass

Position [F(1, 11) = 0.190, p= 0.672, hp2 = 0.017],

nor Breathing Condition % Glass Position interaction

[F(1, 11) = 0.464, p= 0.510, hp2 = 0.040] were

revealed for NormERSh.

PowBLfreq-h. No difference was revealed by the T-test

when PowBLfreq-h over the contralateral motor region was

compared between CTL and ANX (values 1.01 ± 0.1 dB

vs. 0.97 ± 0.1 dB) [t(1, 11) = 2.327, p= 0.155,

hp2 = 0.175].

Posterior-parietal region. ERSh. The ANOVA

showed a significant main effect of Glass Position, with

ERSh in REACH was significantly smaller than in NON-

REACH (values 2.08 ± 0.72 vs. 2.38 ± 0.82) [F(1, 11)

= 11.720, p= 0.006, hp2 = 0.516]. No effect of

Breathing Condition [F(1, 11) = 1.265, p= 0.285,

hp2 = 0.103] nor Breathing Condition % Glass Position

interaction [F(1, 11) = 3.717, p= 0.083, hp2 = 0.253]

were significant.

Normalized ERSh. A main effect of Glass Position was

significant, in that the amplitude of NormERSh in REACH

was significantly smaller than in NON-REACH (ratio 1.36

± 0.43 vs. 1.57 ± 0.58) [F(1, 11) = 7.50, p= 0.019,

hp2 = 0.405]. The effects of Breathing Condition

[F(1, 11) = 1.96, p= 0.189, hp2 = 0.151] and Breathing

Condition % Glass Position interaction [F(1, 11) = 2.80,

p= 0.122, hp2 = 0.203] were non-significant (Fig. 6b).

PowBLfreq-h. No difference was shown by the T-test

when PowBLfreq-h over the posterior-parietal region was

compared between CTL and ANX (values 1.02 ± 0.1 dB

vs. 0.99 ± 0.1 dB) [t(1, 11) = 1.188, p= 0.229,

hp2 = 0.097].

ERDfast-a. The ANOVA showed a main effect of

Breathing Condition: the amplitude of ERDfast-a was

significantly smaller in ANX than in CTL condition (values

!1.31 ± 0.88 dB vs. !1.75 ± 0.79 dB) [F(1, 11) =

6.742, p= 0.016, hp2 = 0.426]. No effect of Glass

Position [F(1, 11) = 1.459, p= 0.449, hp2 = 0.053] nor

Condition % Glass Position interaction [F(1, 11) = 1.035,

p= 0.551, hp2 = 0.033] were significant.

Normalized ERDfast-a. The ANOVA showed a main

effect of condition indicating that the amplitude of

NormERDfast-a was significantly smaller in ANX than in

CTL (ratio 0.89 ± 0.41 vs. 1.43 ± 0.96) [F(1, 11) =

6.55, p= 0.027, hp2 = 0.373]. The effect of Glass

Position [F(1, 11) = 1.25, p= 0.287, hp2 = 0.102] and

Condition % Glass Position interaction [F(1, 11) = 0.52,

p= 0.486, hp2 = 0.045] were non-significant (Fig. 6b).

PowBLfast-a. The T-test did not show statistical

difference for PowBLfast-a over the contralateral motor

region between CTL and ANX (values 1.35 ± 0.2 dB vs.

1.25 ± 0.2 dB) [t(1, 11) = 2.247, p= 0.084,

hp2 = 0.247].

Background EMG muscle activation. For biceps

brachii and triceps brachii muscles, the ANOVA

revealed no effect of Breathing Condition [F(1, 11 =

3.93, p= 0.172, hp2 = 0.197, and F(1, 11) = 1.449,

p= 0.259, hp2 = 0.139, respectively], no effect of

Glass Position [F(1, 11) = 0.075, p= 0.790,

hp2 = 0.008, and F(1, 11) = 1.57, p= 0.241,

hp2 = 0.149, respectively], and no effect of epoch for

pre- vs. post- stimuli epochs [F(1, 11) = 3.925,

p= 0.079, hp2 = 0.304, and F(1, 11) = 2.10,

p= 0.181, hp2 = 0.189, respectively].

Moreover, none of the following interactions were

significant: Condition % Glass Position [F(1, 11) = 0.17,

p= 0.688, hp2 = 0.019, and F(1, 11) = 2.84,

p= 0.126, hp2 = 0.240, respectively], Condition %
Epoch from time to stimuli presentation [F(1, 11) =

2.90, p= 0.123, hp2 = 0.183, and F(1, 11) = 1.79,

p= 0.214, hp2 = 0.166, respectively], Glass Position %
epoch from time to stimuli presentation [F(1, 11) = 2.09,

p= 0.182, hp2 = 0.188, and F(1, 11) = 0.73, p=

0.414, hp2 = 0.075, respectively], and Breathing

Condition % Glass Position % Epoch from time to stimuli

presentation [F(1, 11) = 0.21, p= 0.662, hp2 = 0.022,

and F(1, 11) = 0.97, p= 0.350, hp2 = 0.097,

respectively].

The grand averages of the level of activation for

biceps brachii and triceps brachii were 1.0 ± 0.6% and

0.9 ± 0.6% of the EMG activation level during MVC,

respectively.

DISCUSSION

The aim of the present study was to bring new insights

into cortical correlates of impaired action–perception

coupling, when the ANX level was experimentally

manipulated. Former behavioral results have suggested

that alterations in the sensorimotor function account for

impaired action–perception coupling (Lee et al., 2001;

Guardia et al., 2010; Smith et al., 2011), but such consid-

eration for cortical activities related to sensorimotor func-

tion was never challenged. Our EEG study revealed that

the h-EEG activity (i.e., the cortical activity related to sen-

sorimotor function) co-modulates with impaired action–

perception coupling in a context, where participants in

state of breathing-restriction under-estimated their

reaching-to-grasp capabilities.

Before discussing the changes of EEG activities, it

should be noted that a lower fast-a-EEG

desynchronization was found over the posterior-parietal

region when participants were breath-restricted,

suggesting a shift in task-specific attentional resources

(Gevins et al., 1997; Klimesch, 1999; Stipacek et al.,
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2003). Given that an attentional shift would not be the

cause of the underestimation of reaching-to-grasp perfor-

mance (see Daviaux et al., 2016), the modulation of fast-

a-EEG over the parietal region is reasonably considered

as a task-related indication of the brain activity that

account for an effective manipulation of the brain ANX-

network state with breathing restriction.

That being said, a modulation in h-EEG

synchronization over the contralateral-motor region was

observed in line with our main hypothesis, i.e. when

participants underestimated their reaching-to-grasp

performance during ANX condition. Furthermore, the

h-EEG activity measured over the contralateral-motor

region depended on the glass proximity. No change in

h-EEG was found over the ipsilateral motor region.

Though, h-EEG activity was previously shown to be

similar over contralateral and ipsilateral motor regions in

the preparation phase of efficient reaching action

(Tombini et al., 2009; Cruikshank et al., 2012). The

absence of changes over the ipsilateral-motor region in

the present study suggests the effects over the

contralateral-motor region to be task-specific.

The effects observed over the contralateral region

seem to be consistent with the conservative behavior of

participants; the motor region was indeed shown to be

involved concomitantly in the encoding of action–related

body parts and target’s position necessary for the

movement execution (e.g. Hoshi and Tanji, 2000;

Praamstra et al., 2009). Considering the main effects of

Condition and Glass Position on h-EEG over the

contralateral-motor region, the synchronization was

higher for the ‘‘non-reach” Glass Positions than for the

‘‘reach” Glass Positions, and was higher for the ANX than

for the CTL condition. These two concomitant main

effects then suggest that any Glass Position challenges

a visuomotor transformation inducing a ‘farther-to-be-rea

ched’ representation of the Glass Position in ANX com-

pared to CTL. The analysis of EMG activity recordings

showed that the muscular activation remained compara-

ble during rest and during the glass presentation. The

low average level of muscle activation suggested that par-

ticipants remained close to a completely passive situation,

as conventionally taken at 1% of the EMG maximal acti-

vation level (e.g., Nordez et al., 2008). Then the ‘farther-

to-be-reached’ assumption is consistent with the role

assigned to the h-EEG synchronization within a motion-

less context, considered as representative of a readiness

state of the motor system (type-2 theta activity, Bland and

Oddie, 2001). As such, it could be reasonably hypothe-

sized that h-EEG synchronization over the contralateral-

motor region supported the processes of integration of

relevant sensorimotor inputs for a goal-directed action

while there is no intention to act (see in Cruikshank

et al., 2012 and in Rawle et al., 2012). Accordingly, the

present h-EEG synchronization over the contralateral-

motor region is assumed to have carried all the sensori-

motor and visuomotor information underlying the consis-

tency with which a movement should be initiated. In

summary, for a given Glass Position, a rising amount of

h-EEG activity over the motor region can be thought to

have supported a less congruent visuomotor context for

reaching-and-grasp behavior. In other words, along

the reachable-to-non-reachable continuum of Glass

Positions, the ‘‘too-far-to-be-reached” h-EEG readiness

state would be evoked for closer Glass Position in ANX

condition compared to CTL condition. This could

explain why participants were underestimating their

reaching-to-grasp performances.

An effect of breathing restriction was also expected

over the posterior-parietal region for h-EEG activity, due

to the reciprocal relationship between the motor and

parietal region in the sensorimotor function dedicated to

reaching and pointing behavior (Praamstra et al., 2009;

Cruikshank et al., 2012; Rawle et al., 2012). However,

h-EEG activity over the posterior-parietal region was only

sensitive to the glass distance. This is consistent with pre-

vious studies highlighting the role of the posterior-parietal

region in encoding the spatial localization of a target and

the control for action (Culham and Kanwisher, 2001;

Binkofski and Buxbaum, 2012). To be noted are results

in Rawle et al. (2012), where identical h-EEG responses

of the parietal region where found whatever the visual tar-

get load. Accordingly, in our study, the posterior-parietal

region appeared to promote the encoding of the Glass

Position representation (Culham and Kanwisher, 2001;

Curtis et al., 2004) regardless of the complexity of its

motor-related representation (Rawle et al., 2012).

The statistical analysis applied to h-ERS and

fast-a-ERD revealed equivalent significant effects

compared to the analysis applied to the normalized

values of h-ERS and fast-a-ERD, for every cortical

regions of interests. It confirms how robust are the

present task-related EEG modulations, while the

statistical values slightly differ as the normalization

procedure allow to take into account the inter-individual

variability of the perceptual processes.

As a limit of this study, one could assume that the

breathing restriction would have changed the oxygen

concentrations and modified the EEG activity (Pastena

et al., 2015) within the baseline period. Consequently,

the power spectrum of the baseline periods were checked

and compared across conditions. As shown by the

absence of difference, the power spectrums remained

equals in CTL and ANX: it corroborates that the actual

effects were not due to oxygen-corrupted cortical activi-

ties within the baseline periods but rather to cortical activ-

ities during the glass presentation.

Finally, a traditional, well accepted point of view about

the theta and alpha EEG oscillations was adopted to

introduce the study and debate our results. It should be

emphasized that the observed modulations of EEG

theta and alpha oscillations might also have been

introduced and debated through more contemporary

view on the functional interpretations of these

oscillations. This particularly includes positions about

the cross-frequency coupling of theta and alpha

oscillations with gamma oscillations (e.g., Jiang et al.,

2015) in which a reduction in theta/alpha activities would

be a signature of task-engaged cortical areas (see

Lisman and Jensen, 2013 for an extensive discussion),

and also a position in which both theta and alpha

oscillatory activities would support a facilitatory effect for
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corticostriatal interactions for visual – but non necessarily

motor-related - stimuli processing (Horschig et al., 2015).

CONCLUSION

To conclude, the actual changes of h-EEG activity over

the contralateral-motor region provides the first evidence

of a co-modulation of the sensorimotor cortical activities

with impaired action–perception coupling under stressful

state. From these results, we look forward to future

studies that can illustrate a ‘‘narrower” construction of

the sensorimotor body representation acting as a

reference to judge action capacities, as suggested by

Guardia et al. (2010). Future research works might also

address the changes in peripersonal space’s properties

that have already been shown to be altered consistently

in various forms of ANX conditions (Lourenco et al.,

2011; Sambo and Iannetti, 2013; see De Vignemont,

20104 for discussion). Finally, impaired action–perception

coupling within action–scaled paradigms remains a chal-

lenge given that the predictive consequence of action

may be involved in the perception of the action capabili-

ties, e.g., changes in energetic aspects of action–percep-

tion coupling (Witt and Riley, 2014).
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a b s t r a c t

This study examined whether postural control variables, particularly the center-of-pressure (COP)
velocity-based parameters, could be a relevant hallmark of depression-related psychomotor retardation
(PMR). We first aimed at investigating the interplay between the PMR scores and the COP performance in
patients with major depressive disorder (MDD), as compared to age-matched healthy controls; secondly,
we focused on the impact of a repetitive transcranial magnetic stimulation (rTMS) treatment on
depression, PMR scores and postural performance. 16 MDD patients, and a control group of 16 healthy
adults, were asked to maintain quiet standing balance during two trials with or without vision, and while
backward counting (dual task). All the position and velocity-based COP variables were computed. Before
and after the rTMS session (n eligible MDD ¼ 10), we assessed the depression level with the Montgomery
eAsberg Depression Rating Scale (MADRS), the PMR scores with the French Retardation Rating Scale for
Depression (ERD), and postural performance. Before the treatment, significant positive partial correla-
tions were found between the pre-ERD scores and the velocity-based COP variables, especially in the
dual-task conditions (p < 0.05). In contrast, there was no significant correlation between the post-ERD
scores and any postural parameter after the treatment. The MADRS and ERD scores showed a signifi-
cant decrease between before and after the rTMS intervention. For the first time, the findings clearly
validated the view that the assessment of postural performance - easy to envisage in clinical settings-
constitutes a reliable and objective marker of PMR in MDD patients.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

By considering a two-month walking exercise program as an
effective intervention for improving depression related psycho-
motor disorders, we recently showed that patients with major
depressive disorder (MDD) improved their postural control by
decreasing essentially center-of-pressure (COP) velocity-based pa-
rameters (Deschamps et al., 2015). In addition to confirming the

impaired balance performance in MDD in comparison to healthy
controls (Bolbecker et al., 2011; Doumas et al., 2012), we support
the idea that significant changes in these COP-velocity variables
while assessing balance in depressed people could be a relevant
hallmark of depression-related psychomotor retardation (PMR). As
a core symptom of depression, which includes motor and cognitive
impairments, this PMR actually has become the subject of
increasing interest in recent studies on its diagnostic, prognostic,
and therapeutic relevance in MDD (Beheydt et al., 2015; Bennabi
et al., 2013; Schrijvers et al., 2008; Thomas-Ollivier et al., 2016).
Conventionally, most studies have used interviewer-rated scales
based on observations of behavior, such as the retardation item of
the Hamilton Depression Rating Scale (Hamilton, 1960) and the
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Salpêtri!ere Retardation Rating Scale (SRRS) (Montgomery and
Åsberg, 1979; Widl€ocher, 1983). However we recently showed
that administering a comprehensive PMR battery of tests (e.g. 3-
Meter Timed Up and Go test, dual-tasking postural control as-
sessments, the handgrip strength test or verbal fluency tasks)
during a repetitive transcranial magnetic stimulation (rTMS)
treatment was feasible, free of adverse effects, andwell tolerated by
the MD patients in naturalistic conditions before or after the three-
week rTMS protocol (see Thomas-Ollivier et al., 2016 for details).
Beyond the confirmation of significant effects of rTMS treatment on
depression (e.g., Aleman, 2013; Brunelin et al., 2014; Dell’Osso et al.,
2011), another interesting finding was the positive changes in
psychomotor outcome measures following the intervention, espe-
cially in balance performance.

Thus, the characterization of implicit postural control strategies
in MDD patients emerged as one relevant and objective hallmark
feature for clinical PMR assessment. In fact, we demonstrated an
improvement in postural performance (when assessed in a dual
task, namely standing balancedwith eyes open or eyes closedwhile
counting backward), evidenced by a significant decrease in COP
velocity variables (e.g. mean velocity in mm/s) (Thomas-Ollivier
et al., 2016). Although these results are in line with recent studies
that support the clinical interest for characterizing postural insta-
bility in MDD adults or older healthy individuals with cognitive
impairment (Deschamps et al., 2014; Mignardot et al., 2014), no
specific PMR scale was used in this feasibility study (Thomas-
Ollivier et al., 2016) to link depression-related postural sway with
respect to a validated scale.

Thus, the purposes of the present study are twofold: first, it aims
to take a clear look at the interplay between the PMR scores and the
impaired balance performance in MDD patients, as compared to
age-matched healthy controls (Deschamps et al., 2015; Bolbecker
et al., 2011; Doumas et al., 2012); the exploratory nature of our
second aim focuses on the impact of rTMS treatment on depression,
PMR and balance assessments. In this regard, only a few studies
about the neurostimulation-related effects on PMR are available in
the literature, with divergent results (Baeken et al., 2010; H€oppner
et al., 2003; Ullrich et al., 2012). But some neurophysiological
mechanisms underlying the significant effects of rTMS treatment
on depression-related PMR and the disbalanced control in MDD
patients make clear our expectations (Walther et al., 2012).

Changes in PMR probably arise from the alterations of limbic
signals, at the interface of emotion, volition, higher-order cognitive
functions, and movement. For example, a recent review on the
functional neuroanatomy of PMR suggests the involvement of
fronto-striatal neurocircuitry, and monoaminergic pathways and
metabolism; this functional anatomical specificity of PMR “could be

improved by the use of objective measurements of motor performance”

(see Liberg and Rahm, 2015, p. 5). In the same way, the rTMS-
induced activity has a positive effect on the limbic system and
causes changes in functionally connected remote areas (Paus et al.,
2001); it is also likely to facilitate the striatal dopamine release
(Strafella et al., 2003) and reduce the attentional and cognitive
deficits related to PMR inMDD patients (De Raedt et al., 2015), with
positive impact on their postural control (Doumas et al., 2012;
Thomas-Ollivier et al., 2016). Put all together, solid assumptions
can be made. A significant improvement of PMR is expected
following the 3-week rTMS protocol inwhich eligibleMDD patients
were stimulated to the left or right add-on to continued psycho-
pharmacological treatment in a naturalistic clinical setting. In
either left or right rTMS protocols, it has been shown that both
rTMS method were equally effective therapies for MDD patients
(Chen et al., 2013). This positive change in PMR may be associated
with a decrease in essentially COP velocity-based parameters, as a
relevant index of better postural control.

2. Methods

2.1. Participants

Sixteen patients with major depression at Nantes University
Hospital (mean age 57.9 ± 13.9 years, range 28e78 years; 9 fe-
males) were compared to 16 healthy controls (HC), adults (mean
age 60.7 ± 9.6 years, range 36e69 years; 12 females) who vol-
unteered to participate in this open unblinded study. Inclusion
criteria were: diagnosis of MDD according to DSM-IV; the patients
had to have failed to respond to at least two previous adequate
courses of antidepressants; no neurological, psychotic or addic-
tive disorders; and a MontgomeryeAsberg Depression Rating
Scale (MADRS;/60; Montgomery and Åsberg, 1979) score " 20.
Exclusion criteria included contraindication to rTMS and any
change in psychoactive drugs during the rTMS therapy. Thus
eligible MDD patients (n ¼ 10) were stimulated to the left or right
add-on to a continued psychopharmacological treatment in a
naturalistic clinical setting. All eligible patients provided a signed
consent form for participation. Note that none of the participants
had previous experience with the experimental tasks. The study
was carried out according to the fifth revision of the Declaration of
Helsinki.

Clinical Ratings. Prior to the first TMS session, the MDD patients
completed the MADRS, and the French Retardation Rating Scale for
Depression (ERD:/60 (Widl€ocher, 1983; Hardy et al., 1984); - a
validated 15-item rating instrument to assess the severity of psy-
chomotor retardation in depressed populations -, was completed
by the same trained rater before and one week after the last rTMS
session. Table 1 summarizes patients’ characteristics.

2.2. Experimental conditions and procedures

Postural assessments. For data collection of postural sway, all
participants (MDD vs. HC) were asked to maintain standing posi-
tion on a Kistler force platform (model 9286BA) for two trials of
quiet standing balance with eyes open (EO) or eyes closed (EC), and
two trials (EO vs. EC) while backward counting by two from a
random number around 100. The counting of numbers was tape-
recorded. The participants were asked to stand quietly while
barefoot with the head in a straight ahead position, their arms
along the body, and each foot positioned on the platform plate that
maintained the distance between the medial sides of the heel at
8.4 cm with an external rotation angle of 9#. During the EO con-
ditions, the participants were also instructed to look straight ahead,
and focus on a visual reference mark (2 cm in diameter) placed on a
white wall in front of them at a 200-cm distance. For a trial of 60-s
duration (sampling frequency of 100 Hz), the system was linked to
BioWare® 5.2.2 software (Kistler Group, Winterthur, Switzerland),
thus providing COP series on the anteroposterior (AP) and medio-
lateral (ML) axes. The postural conditions [EO vs. EC; single task (ST)
vs. dual task (DT)] were presented in randomized order among
participants.

rTMS treatment for ten eligible MDD patients. Similar to our
pilot feasibility study (Thomas-Ollivier et al., 2016), a pre-post
study design was set up in which the postural stability in MDD
patients was assessed in naturalistic conditions before and after
15 sessions of active rTMS that were conducted over a three-
week period. For the rTMS, the intensity was 110% of the in-
dividual's motor threshold (i.e. the minimum stimulus required
to induce contraction of the right thumb at least 5 of 10 times).
Six patients underwent a high frequency rTMS on the left
dorsolateral prefrontal cortex (10 Hz, 40 trains of 4 s with 28-sec
intertrain intervals, providing a total of 1600 pulses over
20 min); Four patients underwent a low frequency rTMS on the
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right dorsolateral prefrontal cortex (1 Hz, 12 trains of 60 s
with 30-sec intertrain intervals, providing a total of 720 pulses
over 17 min). It also is particularly important to note that no
structured individualized psychotherapy treatment, such as
hypnosis, cognitive-behavioral therapy, or psychoanalysis star-
ted during the study period or the preceding month. Likewise,
no change in medication occurred one month before and during
the study.

2.3. Data analysis

The dependent variables computed from the analysis of COP
trajectories included mean range (in millimeters) and 95% confi-
dence intervals (CI) of COP excursion in the AP and ML directions,
standard deviation (SD) of position, area (95% confidence ellipse),
and mean and SD of COP velocity in AP and ML directions. The
average absolute maximal velocity (AAMV in mm/s) was also
computed from the COP velocity series by extracting the maximum
and minimum values of series within non-overlapping 2-s win-
dows. Then the absolute values of these extremeswere averaged. In
fact, in recent studies, this AAMV that bounds the COP velocity
dynamics of postural sway has been identified as themost sensitive
dependent variable for characterization of postural control per-
formance, as a function of cognitive impairment (Deschamps et al.,
2014), fall history (Mignardot et al., 2014), and depressive disorder
(Deschamps et al., 2015).

2.4. Statistical analysis

Most data failed to pass the normality Shapiro-Wilk tests
(appropriate for small sample sizes). For testing the effects of Group
(MDD vs. HC) on the postural control, Mann-Whitney U tests were
carried out for each aforesaid dependent variable. Then between
group comparisons were performed using 2 (Group) $ 2 (Vision:
EO vs. EC) $ 2 (Condition: ST vs. DT) ANOVAs to test the effects of
visual information processing and attentional demands on the
postural control.

To explore changes in depression and PMR after three weeks of
rTMS intervention, a Wilcoxon test was used (before vs. after) for
MADRS and ERD scores. Likewise, for testing the effect of the rTMS
treatment on postural control in MDD, we conducted a doubly-
multivariate, 2 (Session: before vs. after) $ 2 (Vision: EO vs.
EC)$ 2 (Condition: ST vs. DT) repeatedmeasures with time-varying
covariates (i.e., depression symptoms) and then univariate
repeated-measures analyses of covariance (ANCOVAs). Partial eta
square (ph2) values are reported as measures of effect size, with
ph2

> 0.14 considered a very large effect (Cohen, 1988). Finally, in
line with our primary purpose, partial correlation analyses were
conducted to relate individual ERD scores in MDD patients to bal-
ance measures before and after the treatment. These partial cor-
relations were used to remove the effects of age and the MADRS
scores.

3. Results

All statistical results are summarized in Tables 1e5.
Postural balance in HC vs. MDD. Firstly, there were significant

differences between the groups for almost all the aforesaid
position-based variables or velocity-based variables (Mann-Whit-
ney U tests: all p values < 0.02). These findings are in accordance
with the ANOVA, revealing an effect of Group [all F values > 9.6; p
values < 0.01], with altered postural sway in MDD: higher COP
velocity/position values were systematically found for the MDD
group (Tables 2 and 3). Therewere significant main effects of Vision
[all F values > 9.5; p values < 0.01] and Condition [all F values > 9.3;
p values < 0.01] for all velocity-based variables. Note that there was
no significant interaction considering the Group factor (all
Fs < 3.75, Ps > 0.06).

Changes in depression and PMR. Notably, the MADRS scores
showed a significant decrease between before (30.2 ± 7.2) and after
the rTMS intervention (18.9 ± 10.1) [paired sample Wilcoxon test:
p ¼ 0.005, large Cohen's d ¼ 1.28]. Likewise, the PMR values
collected at visit 1 (25.7 ± 8.4) were significantly different from the
PMR at visit 15 (13.2± 8.9) [paired sampleWilcoxon test: p¼ 0.005,
large Cohen's d ¼ 1.44] (Table 1).

Effects of rTMS treatment on postural balance. The doubly-
multivariate ANCOVA revealed significant effects of Session and
Condition (Table 4). The Session effect highlights an overall
decrease after the rTMS intervention in all COP variables. The
univariate ANCOVAs of COP position-/velocity-based variables
confirmed these positive changes in postural sway over time. Pre-
cisely, significant effects of Session and Condition were systemati-
cally observed for most COP velocity-based variables, except for the
mean velocity in ML axis (see Fig. 1). Note also that there was no
significant interaction considering the Session factor (Table 4),
indicating a more efficient postural control after the treatment
whatever the complexity task. No difference was found between
the sessions in the number of enumerated figures or errors while
counting backward (pre vs. post rTMS intervention).

Partial correlations between balance and the ERD scores within

each of the four postural conditions. Before the treatment (n ¼ 16),
significant positive correlations were found between the pre-ERD
scores and some velocity-based COP variables in the four postural
conditions (Table 5). Note that no correlation was found between
the ERD scores and position-based variables. In contrast, there was
no significant correlation between the post-ERD scores and any
postural parameter after the treatment (n ¼ 10) (all Pearson's
r < 0.67; all p values > 0.07).

4. Discussion

The present study aimed at contributing to a deeper under-
standing of the motor performance that characterizes objectively
the depression-related PMR. More specifically, we investigated the
expected relationships between postural performance and PMR

Table 1

Baseline characteristics of healthy control participants (HC) (n ¼ 16) and the major depressive disorder participants (MDD) before (n ¼ 16) and after 15 sessions of active rTMS
within a 3-week period (n ¼ 10).

HC (n ¼ 16) MDD (n ¼ 16) Eligible MDD before treatment (n ¼ 10) Eligible MDD after treatment (n ¼ 10) % Evolution

Age (years), mean ± SD 60.7 ± 9.6 57.9 ± 13.9 60 ± 11.5
Female gender, n (%) 12 (75) 9 (56.25) 7 (70)
MADRS score (/60), mean (min-max) N/A 30.2 (20e43) 32.7 (20e43) 18.9 (2e33) %42.2a

ERD score (/60), mean (min-max) N/A 25.7 ± 8.4 23.8 (9e37) 13.2 (1e28) %44.5a

Note. MADRS: MontgomeryeAsberg Depression Rating Scale (Montgomery and Åsberg, 1979); ERD: French Retardation Rating Scale for Depression (Widl€ocher, 1983).
a Significant evolutions from paired sample Wilcoxon tests (see text).
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scores often used in a clinical setting, and the positive effects of
three weeks of rTMS treatment on depression and the balance
performance in MDD patients. The main finding in this study was
that postural sway was associated with the ERD scores collected
before the rTMS treatment in MDD under well-defined conditions.
In particular, all velocity-based COP variables were significantly
correlated with the ERD scores for the dual task with eyes closed
condition (see Table 5). Interestingly, the ERD scores were not
found to be significantly correlated with postural sway under any
condition after the rTMS intervention. The implications of these
results will be discussed in more detail below.

4.1. The dual postural performance: an objective marker of PMR

These results suggest that the implicit motor strategy supported
by velocity-based control of posture is a good and reliable marker of
PMR in MDD patients. In line with our pilot studies (Deschamps
et al., 2015; Thomas-Ollivier et al., 2016), the eyes closed condi-
tion makes the visual information unreliable, and therefore pro-
prioceptive inputs must be predominantly used for an effective
“automatic” postural control. When associated with impaired bal-
ance related to deficits in integration of proprioceptive inputs in
MDD (Bolbecker et al., 2011), the essential “proprioceptive

reweighting” process for postural control (Peterka, 2002; Peterka
and Loughlin, 2004) is adversely influenced by the dual-task con-
dition. These findings are in line with Doumas et al. (2012), who
showed greater postural instability in dual-task performance in
MDD patients compared to healthy controls. Based on our results,
the dual postural performance while increasing the reliance on
proprioceptive information appears to characterize e at least to a
significant extent e the PMR, as assessed by a validated scale
(Widl€ocher, 1983). Before the rTMS intervention (n ¼ 16), the
highest correlations while accounting for age and pre-MADRS score
were systematically found when visual information was removed
in the dual-task condition (r ¼ 0.57 in average). Note that these
correlations between ERD score and postural instability were sig-
nificant only for the COP velocity variables. The more PMR is
impaired, the higher are the values of the thresholds that bound the
dynamics of COP movement speed (i.e. the AAMV). It not only
corroborates the assumption of a velocity-based postural control
assessment as a robust marker of early cognitive dysfunction
(Deschamps et al., 2014), it also objectively validates and quantifies
the motor and cognitive components of PMR in MDD patients
(Bennabi et al., 2013). It does this by capturing the cognitive cost
expended by the central nervous system for maintaining a stable/
unstable dual postural performance (see Boisgontier et al., 2013, for

Table 2

Descriptive statistics (mean ± standard deviation) for the COP measures for the major depressive disorder patients (MDD) in comparison to healthy controls (HC) at t0 (before
the rTMS treatment).

COP measures HC (n ¼ 16) MDD (n ¼ 16)

Single task Dual task Single task Dual task

Eyes open Eyes closed Eyes open Eyes closed Eyes open Eyes closed Eyes open Eyes closed

1. COP position-based variables

Range_AP (mm) 18.3 ± 4.5 25.6 ± 7.1 18.5 ± 8.5 25.3 ± 8.1 40.4 ± 20.4 57.9 ± 26.8 42.9 ± 23.6 50.3 ± 22.1
Range_ML (mm) 10.1 ± 2.4 13.6 ± 7.3 16.6 ± 16.4 17 ± 10.2 21.5 ± 9.2 34.9 ± 32.7 25.3 ± 13.2 29.9 ± 18.4
SD position_AP (mm) 3.4 ± 0.9 4.5 ± 1.7 3.3 ± 1.5 4.3 ± 1.5 7.8 ± 4.6 10.5 ± 5.5 8 ± 4.5 9.1 ± 4.2
SD position_ML (mm) 1.9 ± 0.7 2.1 ± 1.2 2.7 ± 2.7 2.5 ± 1.3 4.3 ± 1.8 5.2 ± 3.3 4.5 ± 2.5 4.4 ± 2.1
Area (95% ellipse) 133.6 ± 61.7 205 ± 194.7 230.7 ± 337.6 226.6 ± 165.4 773.3 ± 720 1264.8 ± 1345.8 903.2 ± 874.1 900.2 ± 728.3

2. COP velocity-based variables

Mean velocity (mm/s) 6.3 ± 2.7 10.2 ± 6.6 9.2 ± 4 13.9 ± 8.5 12.2 ± 6.5 21.6 ± 13.3 17.8 ± 8.9 24.9 ± 14.3
Mean velocity_AP (mm/s) 5.1 ± 2.3 8.7 ± 5.1 6.9 ± 2.1 11.4 ± 6.9 9.5 ± 5.4 17.6 ± 10.8 14.3 ± 7.3 20.9 ± 12.5
SD velocity_AP (mm/s) 6.7 ± 2.9 11.4 ± 6.6 6.9 ± 2.1 15.2 ± 8.8 18.8 ± 11.2 31.2 ± 16.2 23.7 ± 10.8 32.2 ± 17.6
AAMV_AP (mm/s) 10.4 ± 4.7 17.1 ± 11.7 14.3 ± 4.6 24.5 ± 14.6 22.7 ± 15.3 43.3 ± 32.9 32.8 ± 18.4 51.4 ± 38.1
Mean velocity_ML (mm/s) 2.6 ± 1.1 3.8 ± 3.2 4.5 ± 3.2 5.6 ± 4.1 5.7 ± 2.9 9.1 ± 6.2 8 ± 4.2 9.8 ± 5.2
SD velocity_ML (mm/s) 3.4 ± 1.5 5.1 ± 4.2 6.8 ± 6 8.1 ± 6 8.7 ± 4.3 15.2 ± 13 12.9 ± 6.7 15.7 ± 8.7
AAMV_ML (mm/s) 5.5 ± 2.3 7.8 ± 6.5 8.5 ± 6.6 12.4 ± 8.5 13.7 ± 7.7 22.6 ± 18.3 18.6 ± 10.5 23 ± 14.4

Note. COP: center of pressure; AP: anteroposterieur; ML: mediolateral.

Table 3

Analysis of variance results (F values) for the COP measures for the major depressive disorder patients in comparison to healthy controls at t0 (before the rTMS treatment).

COP measures G C V G $ C G $ V C $ V G $ C $ V

(1, 30) (1, 30) (1, 30) (1, 30) (1, 30) (1, 30) (1, 30)

1. COP position-based variables

Range_AP (mm) 23.8*** 0.38 37.9*** 0.46 3.1 2.68 2.5
Range_ML (mm) 9.6** 1.1 4.8* 1.7 2.0 2.7 0.6
SD position_AP (mm) 19.6*** 1.1 24.7*** 0.4 1.8 1.9 1.8
SD position_ML (mm) 15.2*** 0.34 0.7 2.1 0.8 1.6 0.5
Area (95% ellipse) 14.1** 0.2 1.9 1.8 1.1 5.0* 2.7

2. COP velocity-based variables

Mean velocity (mm/s) 11.4** 22.1*** 25.1*** 0.5 2.5 0.4 1.7
Mean velocity_AP (mm/s) 10.9** 23.8*** 30.0*** 1.7 2.6 0.1 1.9
SD velocity_AP (mm/s) 21.7*** 9.6** 35.5*** 0.01 3.7 0.6 2.5
AAMV_AP (mm/s) 10.5** 21.8*** 21.1*** 1.2 3.3 0.1 1.7
Mean velocity_ML (mm/s) 11.3** 12.2** 11.2** 0.2 1.6 1.4 1.2
SD velocity_ML (mm/s) 13.4** 9.3** 9.5** 0.2 2.5 1.9 1.1
AAMV_ML (mm/s) 12.6** 8.5** 10.3** 0.3 1.4 0.6 2.8

Note. Factors were Group, G, Condition, C, and Vision, V. Degrees of freedom are shown in parentheses. COP: center of pressure; AP: anteroposterieur; ML: mediolateral.
*p < 0.05. **p < 0.01. ***p < 0.001. Statistically significant results are indicated in bold.
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a review on attention and dual-task postural performance]. In
addition, clinically, this initial postural instability (and the associ-
ated risk of falls, Launay et al., 2013) may be a consistent hallmark
that could predict positive outcomes in MDD patients after a rTMS
treatment.

4.2. The rTMS treatment of depression and “postural retardation”

By focusing on stability and processing of posture in MDD pa-
tients more precisely, this exploratory part of the current study
showed significant positive effects of rTMS intervention on postural
instability, PMR and depression (as evidenced by a statistically
significant decrease in MADRS scores). This apparent effectiveness
of multi-session rTMS in reducing depressive symptoms seems to
be consistent with the previous literature (Aleman, 2013; Berlim
et al., 2013a, 2013b; George et al., 2010; Lefaucheur et al., 2014).
Likewise, and in an original way, the current improvement of PMR
(significant drop in ERD scores, see Table 1) after 15 sessions of
rTMS is associated with a quantitative improvement of balance. But
it is true that any natural course of the illness that improves
depression severity may change psychomotor behavior along with
postural stability (see below for a methodological discussion of this
point as a limitation). Regardless of the true reason, the MDD pa-
tients essentially reduced their postural instability by decreasing
most COP velocity-based variables after the rTMS intervention (e.g.
pre mean velocity: 21.3 mm/s [95% CI 17.7e24.9 mm/s] vs. post
mean velocity: 15.9 mm/s [95% CI 12.4e19.5 mm/s], that is %21.1%;
pre AAMV in AP axis: 42.3 mm/s [95% CI 33.9e50.7 mm/s] vs. post
AAMV: 28.8 mm/s [95% CI 20.4e37.2 mm/s], that is %31.9%) (Fig. 1).
Therefore, these findings from the doubly-multivariate analysis of
covariance with time-varying covariates (i.e., depression symp-
toms) confirm the importance of velocity information to optimize
postural sway (Jeka et al., 2004), and as a variable of specific interest
for characterizing PMR in populations with MDD. Here, two major
findings are as follows. First, the bounding limits of COP velocity
dynamics decreased after three weeks of rTMS intervention,
regardless of the initial MADRS scores, as an index of positive
changes in intermittent velocity-based control of posture
(Deligni!eres et al., 2011). Second, since no session (pre vs.
post) $ condition (single vs. dual task) interaction was found,
identical positive effects of rTMS (or any natural course of the
illness) were observed, whatever the condition. This indicates that
MDD patients showed significant improvement in postural control
to the same extent regardless of the associated dual cost, which is
consistent with our previous pilot study (Thomas-Ollivier et al.,
2016). After the intervention, a more efficient postural control ap-
pears to mark substantively the motor component of PMR, even if
an improved dual task performance probably marks improvement
in cognitive efficiency (i.e. lower attentional demands). Neverthe-
less, the mental slowing specific to PMR such as changes in fluency
and prosody (Flint et al., 1993; Szabadi et al., 1976), in decision-
making (Bonin-Guillaume et al., 2008) or in task-switching per-
formance (Smith et al., 1995), require further investigations for a
comprehensive and quantitative assessment of PMR. These per-
spectives are in line with the improvement in selective cognitive
functions after 20 sessions of rTMS in patients with MDD (e.g.,
Kedzior et al., 2012).

While no neuroanatomical substrates have been investigated to
highlight the observed effects of rTMS treatment on postural con-
trol and depression, some neurophysiological mechanisms under-
lying the disbalanced motor control in MDD provide a relevant
starting point for discussion. For example, Walther et al. (2012)
found that MDD patients (on antidepressant medication) dis-
played associations between resting state cerebral blood flow and
activity level in the right orbito-frontal cortex and left

Table 4

Doubly-multivariate and -univariate analysis of covariance results (main effects of
factors) for all the COP measures for the major depressive disorder patients.

Factors effects F values p-value ph2

Session (pre vs. post treatment) 3.46 0.001 0.41

Condition (ST vs. DT) 2.07 0.04 0.3

Vision (EO vs. EC) 1.44 0.17 0.22
Session $ Condition 0.93 0.51 0.16
Session $ Vision 0.64 0.8 0.11
Condition $ Vision 0.9 0.56 0.15
Session $ Condition $ Vision 0.78 0.67 0.14
Time-varying covariates (depression symptoms)
Pre-MADRS scores 2.2 0.03 0.31

Post-MADRS scores 1.6 0.11 0.25

Univariate ANCOVA
p-value (ph2)
COP measures

Session
(pre vs.

post)

Condition
(ST vs.

DT)

Vision
(EO vs.

EC)

Covariant
Pre-MADRS

scores

Covariant
Post-MADRS

scores

1. COP position-based variables

Range_AP (mm) 0.008

(0.10)

0.01 (0.1) 0.71
(0.01)

0.01 (0.08) 0.41 (0.001)

Range_ML (mm) 0.98
(0.00)

0.26
(0.02)

0.38
(0.01)

0.03 (0.07) 0.45 (0.008)

SD position_AP
(mm)

0.01

(0.10)

0.02

(0.07)

0.53
(0.01)

0.2 (0.04) 0.72 (0.002)

SD position_ML
(mm)

0.06
(0.05)

0.63
(0.00)

0.96
(0.00)

0.001 (0.14) 0.46 (0.008)

Area (95% ellipse) 0.1 (0.09) 0.15
(0.03)

0.87
(0.00)

0.03 (0.07) 0.47 (0.007)

2. COP velocity-based variables

Mean velocity
(mm/s)

0.03

(0.06)

0.006

(0.11)

0.20
(0.02)

0.32 (0.01) 0.09 (0.04)

Mean velocity_AP
(mm/s)

0.04

(0.06)

0.003

(0.12)

0.21
(0.02)

0.49 (0.01) 0.06 (0.05)

SD velocity_AP
(mm/s)

0.005

(0.11)

0.003

(0.12)

0.45
(0.01)

0.19 (0.02) 0.31 (0.02)

AAMV_AP (mm/s) 0.03

(0.07)

0.006

(0.10)

0.47
(0.01)

0.6 (0.004) 0.08 (0.04)

Mean velocity_ML
(mm/s)

0.04

(0.06)

0.04

(0.05)

0.21
(0.02)

0.09 (0.04) 0.33 (0.01)

SD velocity_ML
(mm/s)

0.10
(0.04)

0.10
(0.04)

0.33
(0.01)

0.03 (0.06) 0.85 (0.00)

AAMV_ML (mm/s) 0.01

(0.09)

0.04

(0.05)

0.52
(0.01)

0.23 (0.02) 0.30 (0.01)

Note. Factors were Session, Condition (ST: single task vs. DT: dual task) and
Vision (EO: Eyes open vs. EC: Eyes closed). COP: center of pressure; AP: ante-
roposterieur; ML: mediolateral. ph2: partial eta squared. Significant results are
indicated in bold.

Table 5

Partial correlation analyses between the COP variables and individual ERD score
within each of the four postural conditions in themajor depressive disorder patients
(n ¼ 16) before the rTMS treatment.

COP measures vs. ERD scores
Pearson's r

Postural conditions

ST/EO ST/EC DT/EO DT/EC

1. COP position-based variables

Range_AP (mm) 0.36 0.31 0.47 0.36
Range_ML (mm) 0.37 0.24 0.47 0.35
SD position_AP (mm) 0.34 0.22 0.45 0.39
SD position_ML (mm) 0.39 0.32 0.52 0.49
Area (95% ellipse) 0.40 0.15 0.55* 0.38

2. COP velocity-based variables

Mean velocity (mm/s) 0.54* 0.63* 0.51 0.59*

Mean velocity_AP (mm/s) 0.53 0.63* 0.50 0.59*

SD velocity_AP (mm/s) 0.54* 0.61* 0.61* 0.61*

AAMV_AP (mm/s) 0.53 0.57* 0.52 0.57*

Mean velocity_ML (mm/s) 0.53 0.56* 0.49 0.54*

SD velocity_ML (mm/s) 0.49 0.38 0.62* 0.56*

AAMV_ML (mm/s) 0.53 0.48 0.49 0.54*

Note. Age and pre-MADRS scores were used as control factors. ST: single task; DT:
dual task. EO: Eyes open; EC: Eyes closed. Significant results are indicated in bold
(*p < 0.05).
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supplemental motor area (SMA). While this is a little outside the
scope of the current study, it is interesting to note because the
orbitofrontal hypometabolism and abnormalities of activation in
SMA were also found in patients with catatonia and obsessive-
compulsive disorders, that are characterized by behavioral and
motor alterations (Walther, 2015).

The current findings are also consistent with the assumption
that hypodopaminergic states contribute to altered motor control
in MDD patients (Sobin and Sackeim, 1997). Against the role of the
prefrontal cortex and SMA in human balance control (Mihara et al.,
2008), the DLPFC neurostimulation may have influenced the psy-
chomotor symptoms via mesolimbic and mesostriatal dopami-
nergic pathways (Strafella et al., 2003). Moreover, the connectivity
of DLPFC with areas such as the dorsal regions of the anterior
cingulate cortex could lead to reduce the PMR-related attentional
and cognitive deficits in MDD patients (De Raedt et al., 2015). This
assumption is in line with the positive effects of rTMS on physical
function and motor signs (e.g. improvement of gait velocity) in
Parkinson's Disease (see Chung and Mak, 2016 for details).

4.3. Methodological considerations

We acknowledge that there are some methodological limita-
tions in our protocol. Despite the abundant literature (e.g. Brunelin
et al., 2014), it is somewhat difficult to make a robust conclusion
about the possible effectiveness of rTMS intervention in treating
depression and the associated psychomotor retardation and

balance deficits, since a comparativeMMD control group us lacking.
Thus there is no reliable way to know whether the improvement in
the balance task in MDD was due to repetition of the same tasks or
due to stimulation. In addition, it is well known that a natural
course to depression exists in the acute phase. So the current
positive effects of rTMS intervention on depression, PMR and
postural stability need to be described and interpreted with
caution. Any intervention or even natural course of the illness that
improved depression severity may have changed psychomotor
behavior along with postural stability. This major point requires
further investigation in a larger population in a double-blind,
sham-controlled trial protocol to establish a solid knowledge for
the current promising results.

In summary, these findings, through significant correlations
between body posture and depression-related psychomotor
retardation, validate the view that the assessment of postural
performance in challenging conditions (e.g. eyes closed in dual
task) constitutes an objective marker of PMR in MDD patients
(Thomas-Ollivier et al., 2016). Note that this postural hallmark is
easy to envisage being used in clinical settings (i.e., safe test, short
duration, and low cost). In current perspective, these positive
results lead to a trial protocol for administering rTMS treatment
among depressed patients with appropriate sample size (Browne,
1995), and for testing its predictive power while considering the
baseline postural performance, as an objective and sensitive
marker of PMR.
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Fig. 1. Changes in some velocity-based COP variables before and after rTMS intervention in ten patients with major depressive disorder (MDD), as a function of postural conditions
(ST-EO: single task with eyes open; ST-EC: single task with eyes closed; DT-EO: dual task with eyes open; DT-EC: dual task with eyes closed). Note: The histograms in grey display
the reference values of the healthy controls. Errors bars correspond to the standard errors.
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Let’s programme exercise during
haemodialysis (intradialytic exercise)
into the care plan for patients,
regardless of age

Thibault Deschamps

Exercise programmes have been called for
in routine care plans for patients with
chronic kidney disease,1 2 but nephrolo-
gists still hesitate to prescribe exercise
during haemodialysis,3 especially for
patients with end-stage renal disease
(ESRD). One reason may be the age of
patients with ESRD, a vulnerable popula-
tion at high risk of mortality. Now more
than ever, whether for paediatric patients4

or older patients (>65 years of age),5 let’s
challenge this intrinsic reluctance by advo-
cating intradialytic exercise programmes
as part of the standard care for patients
receiving dialysis.

EXERCISE WORKS!
Exercise is effective for patients with
ESRD6

—it increases maximal oxygen
uptake capacity, improves blood-pressure
control, decreases arterial stiffness,
decreases systemic inflammation, improves
solute removal by dialysis, increases
muscle force, and augments perceived
quality of life (QoL). Beyond outstanding
issues regarding the precise exercise pre-
scription (endurance vs resistance train-
ing), the critical question is not whether
to include exercise programmes in the
standard care of haemodialysis patients
with ESRD, but why you would not.
Therefore, I invite all nephrologists and
medical professionals to promote, pre-
scribe and, especially, plan long-term,
intradialytic exercise programmes in their
units, regardless of patient age. Here are
some arguments for adequate exercise
training in patients with ESRD, with a
special focus on children and malnour-
ished older adults.

ADDRESSING MAJOR MISCONCEPTIONS
ABOUT THE YOUNG AND THE OLD
A major misconception is the issue of the
feasibility, acceptability and safety of an

intradialytic cycling programme in a popu-
lation of children or older adults on
haemodialysis. A recent study showed that
a 3-month exercise programme of intradia-
lytic cycling (30 min sessions, 2–3 times a
week) is feasible, free from adverse effects,
and well tolerated by paediatric patients
(age range 9.1–24.2 years).4 Considering
the challenge of providing optimal haemo-
dialysis to children with ESRD,7 their posi-
tive feedback on the intradialytic cycling
programme has interesting implications,
starting with an increase in the acceptance
of haemodialysis therapy and a possible
means of improving their long-term out-
comes.4 7 Similar conclusions can be
drawn from studies of frail older haemodi-
alysis patients, especially those with
protein–energy wasting (PEW), for whom
prevention and treatment aim to replenish
protein and energy stores and stimulate
anabolic processes. Few dialysis centres
currently offer exercise training pro-
grammes to older patients (over-
represented in the dialysis population)6 as
a new therapeutic complement. Yet, robust
arguments support the fundamental and
clinical value of prescribing exercise to
patients with PEW, along with nutritional
interventions, to enhance the anabolic
effects of nutrition and thereby reverse
this high-risk state. A recent randomised
controlled trial (RCT) showed that a
6-month intradialytic exercise programme,
combined with nutritional support, was
safe, free from noticeable adverse effects,
well tolerated, and accepted by older
patients with PEW (mean age 69.7
±14.2 years). In addition, the nutrition
and exercise group (vs the nutrition group)
showed an improvement in the 6 min walk
test (+22%), an absence of decline in
balance mechanisms (unlike the nutrition
group), and a noteworthy increase in self-
reported physical health dimensions of
QoL (+53%).5

Interestingly, another advantage of intra-
dialytic exercise is the excellent compliance
(87.7% of realised sessions). Effective
improvements in physical function contrib-
ute to prevention of some clinical and func-
tional disabilities. QoL scores accurately

predict hospitalisations and mortality.8

Similarly, a significant bimonthly progres-
sion of the training parameters, such as dis-
tance covered when cycling (∼103.8
±46.74 km/month) and cycling duration
(∼355.03±95.95 min/month), provides
other convincing evidence of better phys-
ical autonomy in these older patients.
Importantly, all patients in the exercise
group said that they hoped to continue
cycling after the end of the study. They
reported a feeling of well-being and that
dialysis sessions were less boring and a
better experience. An unexpected but
encouraging consequence was the demand
for similar interventions from the control
group, and even from other older haemodi-
alysis patients that were not eligible for the
RCT.

A CALL TO ACTION
When combined, these modest findings
indicate the effectiveness of exercise train-
ing for haemodialysis patients, whether
children or young or older adults.
Exercise training should be standard prac-
tice in the care of haemodialysis patients.
Beyond the feasibility of implementing
exercise programmes for these specific
populations, the beneficial effects are
clinically crucial. They offer a more
attractive bridge to someone awaiting a
future transplant.

Collectively, let us not hesitate to change
our routines and programme intradialytic
exercise for haemodialysis patients, regard-
less of age! For future RCTs necessary to
provide the main outcome measures, a rea-
sonable and reasoned ambitious Big Data
Clinical Trial will reshape the profiles of
clinical research in nephrology.
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Background:Miscellaneous features from various domains are accepted to be associatedwith the risk of falling in

the elderly. However, only few studies have focused on establishing clinical tools to predict the risk of the first fall

onset. Amodel thatwould objectively and easily evaluate the risk of a first fall occurrence in the coming year still

needs to be built.

Objectives:Wedeveloped amodel based onmachine learning, whichmight help themedical staff predict the risk

of the first fall onset in a one-year time window.

Participants/measurements: Overall, 426 older adults who had never fallen were assessed on 73 variables, com-

prising medical, social and physical outcomes, at t0. Each fall was recorded at a prospective 1-year follow-up. A

decision tree was built on a randomly selected training subset of the cohort (80% of the full-set) and validated

on an independent test set.

Results: 82 participants experienced a first fall during the follow-up. Themachine learning process independently

extracted 13 powerful parameters and built a model showing 89% of accuracy for the overall classification with

83%–82% of true positive fallers and 96%–61% of true negative non-fallers (training set vs. independent test set).

Conclusion: This study provides a pilot tool that could easily help the gerontologists refine the evaluation of the

risk of the first fall onset and prioritize the effective prevention strategies. The study also offers a transparent

framework for future, related investigation that would validate the clinical relevance of the established model

by independently testing its accuracy on larger cohort.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Approximately 30% of seniors aged 65 and older experience one or

more falls annually (Tinetti et al., 1988). Hence, in view of the dramatic

consequences of falls in older adults in various domains, including

impaired mobility (Dai et al., 2012), quality of life (Davis et al., 2015),

or the overall economic cost (Davis et al., 2010), the capacity to predict

a future fall constitutes a clinical target, which continually needs to be

refined. Even if numerous parameters associated with the risk of falling

have already been identified (e.g., (Bloch et al., 2013; Gillespie et al.,

2012)), the medical community still lacks an easy-to-use tool that

could accurately predict the risk of the first fall onset. Indeed, falls in

the elderly result from intricate interactions between extrinsic and

intrinsic risk factors related to iatrogenic component, medical histories,

or physical characteristics (for a detailed review (Bloch et al., 2013)).

Many studies reported models that can predict the risk of falling in

the elderly (Ivziku et al., 2011; Kojima et al., 2015; Schoene et al.,

2013; Verghese et al., 2009). However, most of them were based on

large cohorts of heterogeneous elderly population without specifying

whether participants had ever fallen before their enrolment in the

study (for notable exceptions see Beauchet et al. (2008), Mignardot

et al. (2014)).

Up to now, no studies have identified a subset of relevant parame-

ters and the way in which they should interact (hierarchical sorting)

to develop a powerful model. Yet, many studies have proposed fall

prediction models using risk-scoring system (Stalenhoef et al., 2002;

Whitney et al., 2012; Yoo et al., 2015). However, the statistical properties

of a prediction model of falls, such as the trade-off between sensitivity

and specificity, determine how the prediction model can be effectively

used. Hence, the false positive and false negative rates in many models

question their clinical application. Finally, as another pitfall, the lack of

control associated with independent testing sets is of overriding impor-

tance in health care practice.
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We seek to alleviate these issues by performing data mining on a da-

tabase that containsmost of relevant parameters associatedwith the risk

of fall (neurologic, cardiovascular, cognitive, anthropometric, motor

function, and socio-educational assessments). We built a predictive

model for the occurrence of a first fall from a cohort comprising 426

older adults who were followed prospectively over one year. The ma-

chine learning technique we used has generated a decision tree with a

set of simple classification rules. We were also concerned about the va-

lidity of these extracted rules; thus, we performed a blind control on an

independent set to evidence its clinical relevance.

2. Methods

2.1. Participants

A cohort of 426 older adults (mean age 69.5 ± 2.6 years; 61.5%

women) who never experienced a fall experience were recruited for a

prospective observational multicenter study designed to identify the

risk factors for the first fall in elderly community-dwellers. The Local

Ethical Committee of the Region of Pays de la Loire (France) approved

this study (ref: no. 2004/05). The data collection procedure has been

described elsewhere in detail (Mignardot et al., 2014). In summary, eli-

gibility criteria were age between 66 and 75 years, living at home, never

fallen, and an ability to walk without assistance for at least 30 s. For the

present analysis, exclusion criteria were refusal to give consent or lack

capacity to give consent or if the participant was hospitalized at the

time of screening. Participants were included after having given their

written informed consent for research.

2.2. Screening of falls and prospective follow-up

Before the enrolment in the study, the faller status in older partici-

pants was evaluated during the first information meeting, where they

were questioned about their past. A geriatric doctor explained the

WHO definition of a fall (WHO, 2007) to the participants using case

examples. Subjects were excluded if they already experienced a fall. Of

note, the non-faller status of healthy adults was double-checked at the

inclusion visit. During this same visit, all baseline characteristics

described in the following “data collection” section were collected. The

research medical staff designed a standard phone call that aimed to

prospectively monitor any fall onset (date, circumstances, causes and

consequences) and/or major events each month for one year. Trained

interviewers performed the phone calls, similar to the procedure used

in the literature (Stalenhoef et al., 2002). At the end of the follow-up

period, a committee of geriatric doctors analyzed the circumstances of

each fall recorded during the prospective follow-up in order to verify

and, if appropriate, validate that the fall occurred during usual living

conditions and in line with the WHO definition-related criteria of a fall

(WHO, 2007). The expert committee rejected 5% of collected falls.

During the 12-month follow-up period, 82 subjects (19.2%) reported

falling at least once. Note also that the committee kept blind for the

results as the geriatric M.D. met, and none of them has been involved

in the construction of the decision tree.

2.3. Data collection

Medical staff screened each participant at t0 for various baseline

characteristics that have been found to be predictors of falls: gender,

taking medications, impaired cognition (e.g., Frontal Assessment

Battery “FAB”), postural sway during upright quiet standing with eyes

open and eyes closed (51.2 s.), the body composition associated with

anthropometrical measures, the functional autonomy and physical

lifestyle, and various systemic domains, such as vision, hearing, cardio-

vascular, sensory features and executive functions (see Table 1).

2.4. Decision tree learning procedure

The final database comprised 426 subjects providing 31,098 values

and 73 variables divided into 50 unordered categorical and 23 continu-

ous variables describing the status of each older adult (see Table 1).

Based on those input variables, the outcome variable was the occur-

rence of the first fall in the next 12 months. Considering the status of

each subject and categorical nature of the data, a decision tree revealed

to be the most adequate supervised machine learning algorithm to

develop a direct and easy-to-use tool (for details about decision trees

definition and implementation see Kotsiantis (2007)). A classification

tree is created by splitting the initial training set (called the root node)

into two subsets based on themost discriminative variable. This process

is then recursively repeated on the new subsets until the splitting no

longer brings value to the prediction. The final subsets are called leaves

while the intermediate ones are named internal nodes.

2.4.1. Random attribution of the data for the training or testing sets

Among the 426 subjects, 82 experienced the first fall onset within

12 months and formed the faller group (F group). Overall, 344 subjects

have not shown any sign of fall onset, and they were considered as con-

trol non-faller subjects (NF group). To respect the assumption of sam-

ples equality in both groups (Breiman et al., 1984), we have randomly

and blindly selected 25% of the subjects from the NF group (86 subjects)

to balance the number of subjects in both groups (F and NF groups).

Then, the reduced database was split into training and test sets. Overall,

80% of the subjects from F group were blindly assigned to the training

set (65 subjects); the remaining subjects were assigned to the test set

(17 subjects). Identically, 80% of the subjects from the NF group were

assigned to the training set (68 subjects)while the otherswere assigned

to the test set (18 subjects).

2.4.2. Model accuracy assessment

The decision tree was implemented in Matlab® using the Statistics

toolbox with the classregtree function to perform classification

(Breiman et al., 1984). The parameters of this function have been adjust-

ed to obtain the highest accuracy (subsets must have at least 10 training

samples to be split, the Gini's diversity index (Raileanu and Stoffel,

2004) was used as the split criterion, all variables were assigned the

same weight, and prior probabilities belonging to one class were equal).

Subjects with missing values were retained, as long as the algorithm

was able to handle them. The optimal tree, as determined by the algo-

rithmon the training set, was then tested on the test set. Confusionmatri-

ces and the area under the receiver operating characteristics curves (AUC)

on both sets were used to determine the accuracy of the model.

3. Results

All statistical results are summarized in Table 1, with mean ± stan-

dard deviations representing baseline continuous variables and number

of subjects in percentages representing categorical variables. No signifi-

cant differences in baseline characteristics were found between F and

NF groups, except for gender. Overall, no significant differences emerged

between groups, regardless of the baseline characteristics (postural

balance, body composition and anthropometry, physical lifestyle and

autonomy, hearing, vision, cardiovascular, orthopedy, neurology, execu-

tive functions).

The decision tree was built on the training set (comprising 9709

values), and 2555 values have been used for the independent evaluation

of model accuracy. Fig. 1A displays the final decision tree with its 15

internal nodes and 17 leaves. For each internal node, the split criterion

is indicated. The tree demonstrates that the two first levels of splitting

are related to nutrition and anthropometry. The root of the tree starts

by the mini nutritional assessment, followed by the body mass index

(BMI) and the lean body mass at the second level. The field of sensory

disabilities, including the ankle hypoesthesia, the visual acuity, and the
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Table 1

Baseline characteristics of the studied sample (n = 426) according to their faller status (faller vs. non-faller). p b 0.05: *.

Fallers (n = 82) Non-fallers (n = 344) Total (n = 426)

Baseline characteristics

Female gender, n (%)* 41 (50.0) 224 (65.1) 265 (62.2)

Age (years), mean ± SD a (1, 2, 3) 69.5 ± 2.8 69.5 ± 2.6 69.5 ± 2.6

Taking medications (yes), n (%) 72 (87.8) 267 (77.6) 339 (79.6)

Family status (in couple vs. single), n (%) 65 (79.3) 283 (82.3) 348 (81.7)

Postural balance

Eyes open

Area (95% confidence ellipse) (mm2) 167 ± 135.6 152 ± 106 154.8 ± 112.3

COP mediolateral length (mm) 240.6 ± 85.2 241 ± 92.3 240.9 ± 90.9

COP antero-posterior length (mm) 270.3 ± 93.3 274.2 ± 103 273.4 ± 101.1

Eyes closed

Area (95% confidence ellipse) (mm2) 285.3 ± 296.1 247.4 ± 176.2 254.7 ± 204.9

COP mediolateral length (mm) 344.5 ± 160.5 347.3 ± 158.3 346.8 ± 158.6

COP antero-posterior length (mm) 448.7 ± 210.3 454.3 ± 218 453.2 ± 216.3

Body composition and anthropometry

Body mass index (kg/m2), mean ± SD 26.4 ± 4 26 ± 3.7 26.1 ± 3.7

Weight (kg), mean ± SD 70.2 ± 12 70.9 ± 12.4 70.7 ± 12.3

Height (cm), mean ± SD 162.9 ± 9.5 164.6 ± 8.6 164.3 ± 8.8

Right brachial circumference, mean ± SD 28.9 ± 3.3 29 ± 3.3 29 ± 3.3

Calf brachial circumference, mean ± SD 36.1 ± 3.3 35.9 ± 3.1 36 ± 3.1

Mini-nutritional assessment score (/30 points), mean ± SD 27.5 ± 1.7 28 ± 4.2 27.9 ± 3.9

Fat mass (kg), mean ± SD 21.4 ± 7 20.3 ± 6.6 20.5 ± 6.7

Lean mass (kg), mean ± SD 48.4 ± 9.7 50.4 ± 9.7 50 ± 9.7

Total body water (kg), mean ± SD 35.7 ± 6.9 37.2 ± 7.1 36.9 ± 7.1

Physical lifestyle and autonomy

Index of independence in activities of daily living (Katz index/6), mean ± SD 5.8 ± 0.4 5.9 ± 0.3 5.9 ± 0.3

Daily life activities (/27 = without aid), mean ± SD 26.6 ± 1 26.7 ± 1.1 26.7 ± 1.1

Physical activity (walk) N = 30 min/day, n (%) 64 (78.0) 280 (81.4) 344 (80.8)

One leg standing N5 s (yes), n (%) 75 (91.5) 323 (93.9) 398 (93.4)

Vision

Visual Object and Space Perception Battery, (/10 points), mean ± SD 8.8 ± 1.5 8.6 ± 1.8 8.7 ± 1.7

Distance visual acuity (right eye) (/10), mean ± SD 8.2 ± 3.2 8.3 ± 2.5 8.3 ± 2.6

Distance visual acuity (left eye) (/10), mean ± SD 8.1 ± 3 8.2 ± 2.5 8.2 ± 2.6

Near visual acuity (right eye) (/10), mean ± SD 23.6 ± 36.6 20.1 ± 17.8 20.8 ± 22.6

Near visual acuity (left eye) (/10), mean ± SD 17.5 ± 7.3 18.4 ± 9 18.2 ± 8.7

Vision with glasses (yes), n (%) 81 (98.8) 343 (99.7) 424 (99.5)

Glasses (bifocal/progressive lenses), n (%) 70 (85.4) 303 (88.1) 373 (87.6)

Cataract (yes), n (%) 18 (22.0) 86 (25.0) 104 (24.4)

Hearing

Hearing surgery (yes), n (%) 2 (2.4) 16 (4.7) 18 (4.2)

Hearing aid (right ear), n (%) 3 (3.7) 10 (2.9) 13 (3.1)

Hearing aid (left ear), n (%) 4 (4.9) 12 (3.5) 16 (3.8)

Hearing deficiency (N30 dB) (yes), n (%) 69 (84.1) 275 (79.9) 344 (80.8)

Presbycusis (yes), n (%) 68 (82.9) 274 (79.7) 342 (80.3)

Cardiovascular

Normal electrocardiogram (yes), n (%) 69 (84.1) 289 (84.0) 358 (84.0)

Systolic blood pressures (supine/standing ratio), mean ± SD 0.99 ± 0.09 0.9 ± 0.08 0.9 ± 0.08

Orthopedy

Orthopedic surgery of lower limbs, n (%) 15 (18.3) 55 (16.0) 70 (16.4)

Spinal surgery, n (%) 8 (9.8) 14 (4.1) 22 (5.2)

Paralyzing sciatica, n (%) 5 (6.1) 15 (4.4) 20 (4.7)

Herniated disc, n (%) 10 (12.2) 35 (10.2) 45 (10.6)

Coxarthrosis, n (%) 6 (7.3) 35 (10.2) 41 (9.6)

Knee osteoarthritis, n (%) 10 (12.2) 38 (11.0) 48 (11.3)

Limited hip range of motion, n (%) 8 (9.8) 21 (6.1) 29 (6.8)

Limited knee range of motion, n (%) 1 (1.2) 19 (5.5) 20 (4.7)

Frozen ankles, n (%) 3 (3.7) 2 (0.6) 5 (1.2)

Orthopedic shoes, n (%) 3 (3.7) 5 (1.5) 8 (1.9)

Feet pathology, n (%) 30 (36.6) 108 (31.4) 138 (32.4)

Neurology

Sensory features

Stroke, n (%) 3 (3.7) 8 (2.3) 11 (2.6)

Diziness, n (%) 9 (11.0) 32 (9.3) 41 (9.6)

Romberg's test (positive result), n (%) 27 (32.9) 100 (29.1) 127 (29.8)

Left distal hypopallesthesia of medial malleolus, n (%) 4 (8.5) 42 (12.2) 46 (11.5)

Left distal hypopallesthesia of lateral malleolus, n (%) 12 (14.6) 42 (12.2) 54 (12.7)

Left distal hypopallesthesia of heel, n (%) 18 (22.0) 55 (16.0) 73 (17.1)

Left distal hypopallesthesia of foot arch, n (%) 10 (12.2) 40 (11.6) 50 (11.7)

Right distal hypopallesthesia of medial malleolus, n (%) 9 (11.0) 57 (16.6) 66 (15.5)

Right distal hypopallesthesia of lateral malleolus, n (%) 5 (6.1) 51 (14.8) 56 (13.1)

Right distal hypopallesthesia of heel, n (%) 17 (20.7) 61 (17.7) 78 (18.3)

Right distal hypopallesthesia of foot arch, n (%) 10 (12.2) 51 (14.8) 61 (14.3)

Left distal hypoesthesia of medial malleolus, n (%) 3 (3.7) 10 (2.9) 13 (3.1)

Left distal hypoesthesia of lateral malleolus, n (%) 3 (3.7) 8 (2.3) 11 (2.6)

(continued on next page)
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presbycusis, and the variables related to quiet standing postural control,

both during eyes opened and eyes closed conditions, contributes

strongly to the decision tree (Fig. 1A–B). Finally, the disabilities at the

distal part of the lower limbs also represent an important part of the

tree. Indeed, in addition to the hypoesthesia at the ankle level, an overall

pathology at the foot level and/or a limited range of motion at the knee

level need to be diagnosed to complete the model.

The detailed prediction results of the training and test datasets are

presented in the form of confusion matrixes and ROC curves (Fig. 1C–

D). In the training set, the overall classification accuracy was 89%

(AUC = 0.89), with accuracy rate of 83% for fallers and 96% for non-

fallers. Further, for older adults classified by the decision tree as fallers,

54 cases (95%) were actually fallers. For the 18 non-fallers in the test

dataset, the decision tree correctly classified 11 older adults (61%). The

prediction model accurately identified older adults at high risk for first

fall with an accuracy rate of 82% for the 17 fallers (AUC = 0.72 for both

curves).

4. Discussion

Considering theWHOrecommendations (WHO, 2007), the develop-

ment of long term targeted fall-prevention programs to prevent falls in

older adults as soon as possible is a health priority. Thus, the early iden-

tification of people at high risk of falls should be based on an “easy to use”

Table 1 (continued)

Fallers (n = 82) Non-fallers (n = 344) Total (n = 426)

Neurology

Sensory features

Left distal hypoesthesia of heel, n (%) 3 (3.7) 34 (9.9) 37 (8.7)

Left distal hypoesthesia of foot arch, n (%) 4 (4.9) 17 (4.9) 21 (4.9)

Right distal hypoesthesia of medial malleolus, n (%) 1 (1.2) 8 (2.3) 9 (2.1)

Right distal hypoesthesia of lateral malleolus, n (%) 1 (1.2) 9 (2.6) 10 (2.3)

Right distal hypoesthesia of heel, n (%) 3 (3.7) 33 (9.6) 36 (8.5)

Right distal hypoesthesia of foot arch, n (%) 3 (3.7) 20 (5.8) 23 (5.4)

Executive functions

Frontal assessment battery (Score/18 ± SD) 14.8 ± 2.3 14.6 ± 2.4 14.7 ± 2.4

Gear wheel test, (yes), n (%) 0 (0.0) 2 (0.6) 2 (0.5)

Repeat three words (“lemon, key, balloon”), (yes), n (%) 82 (100.0) 343 (99.7) 425 (99.8)

Spell the word “world” backwards, (yes), n (%) 76 (92.7) 328 (95.3) 404 (94.8)

Recall the three words (“lemon, key, balloon”) without aid

0 word, n (%) 1 (1.2) 3 (0.9) 4 (0.9)

1 word, n (%) 10 (12.2) 39 (11.3) 49 (11.5)

2 words, n (%) 25 (30.5) 87 (25.3) 112 (26.3)

3 words, n (%) 46 (56.1) 215 (62.5) 261 (61.3)

Fig. 1. Decision tree architecture, which objectively shows the ‘If’-‘Then’ rules (A), the clustering of the selected parameters to enhance understanding (B) and the accuracy of the model

both for the training set and the independent testing set through confusionmatrices (C) and receiver operating characteristics (ROC) curves (D).Note. EC: eyes closed; EO: eyes open; A-P:

antero-posterior axis; M-L: mediolateral axis.
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predictive models built on a randomly selected training subset of the co-

hort and validated on an independent test set. These objectives guided

this pilot study conducted with a very original cohort (namely home-

dwelling older adults who had never fallen).We developed the first algo-

rithmusingmachine-learning technique leading to a set of simple rules to

estimate the probability of the risk of the first fall onset in the coming

year. As a striking result, we found a high classification accuracy of true

fallers in the training dataset (83%), which was consistently confirmed

by the decision tree analysis in the independent test set (82%).

The model extracted a restricted amount of relevant parameters,

which includes anthropometric, sensory-motor, and postural balance

parameters, from an initial set of 73 variables. These variables constitut-

ed a subset of the determinants already known to be associatedwith the

risk of falls in significant meta-analyses (Bloch et al., 2013; Gillespie

et al., 2012). Abnormal balance test [OddsRatio = 2.26 (1.79–2.85)],

low body mass index [OR = 2.05 (1.70–2.48)], fracture history [OR =

1.89 (1.53–2.34)], hearing impairment [OR = 1.37 (1.27–1.48)], vision

impairment [OR = 1.49 (1.39–1.59)], sensory disorders [OR = 2.2

(1.56–3.11)] or lower extremity disability [OR = 1.89 (1.65–2.17)] are

important intrinsic predictors of falls. They are consistent with the

parameters used by our algorithm, which include the mini nutritional

assessment score (/30 points) (Rubenstein et al., 2001), body mass

index, lean body mass, clinical balance measures (the surface and the

path length of the COP during quiet stance trials with eyes open or

eyes closed), presbycusis or visual acuity impairment, and shank/ft

disabilities (ankle hypoesthesia, limited knee range of motion or foot

pathology such as hallux valgus). Overall to be an older adult, with

nutritional disturbances, limited knee range of motion or ankle

hypoesthesia, and hearing and visual deficits tend to impair the postur-

al, indicative of an increased risk of the first fall. Other things being

equal, thismight be the first insights in pathophysiological mechanisms

underlying the phenotype of fallers.

The clustering of these parameters in four families (Fig. 1B) illustrates

the importance of considering simultaneously the fields of nutrition/body

composition, the sensory-motor features at the lower limb level, and the

control of postural balance for an optimized integrative prevention strat-

egy. Indeed, both themorphological states (i.e., overweight and restricted

joint range ofmotion), themuscle strength at the ankle joint, and the feet

sensitivity strongly influence the postural control skills and in fine the risk

of fall. (Cattagni et al., 2014; Mignardot et al., 2013; Perry, 2006)

One of key aspects of this pilot regression tree analysis is the simple

conversion of main findings into a collection of ‘If’-‘Then’ rules easily

useable in clinical setting (Fig. 1A). Beyond the high classification accu-

racy of the current predictionmodel of the first fall, further analyses are

needed to increase the visibility of these rules because of limited sample

size associated with those nodes. Thus further statistic validity of the

current prediction model on a larger and truly independent cohort

is still required to guarantee the clinical relevance of the current

prediction model. One of the key results is indeed relatively moderate

accuracy rate for non-fallers in the test set (61%) compared to the accu-

racy rate of 96% in the training dataset. The possibility that this drop is a

sign of impaired robustness of the model needs to be considered as a

limitation of the present study. However, we assume that the accuracy

of this prediction model for future fallersmay help medical professional

prescribe an intervention early enough to effectively prevent the first

fall onset. From a clinical viewpoint, although this new guide reliably

identifies older adults at high risk for fall, diagnosing older individuals

who are really not at risk as being at high risk is much less dramatic.

To conclude, using few routine clinical, anthropometric, and

metrologic measurements, this pilot study tested a reliable prognostic

model to predict the first fall onset in older adults. The model may offer

a simple and easy tool to use in the clinical settings and medical field.”
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Altered Force-Generating Capacity is Well-Perceived Regardless
of the Pain Presence
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An inability to perceive changes in action capabilities may result in increased risk of injury and/or

reduced performance. We investigated whether the perception of ability to perform a maximal single-leg

hop was updated when the actual ability to perform the task was reduced due to experimentally altered

force-generating capacity and associated pain. Twenty-five healthy volunteers performed a series of

maximal isometric voluntary knee extensions (MVC), performance estimates and actual performances of

a maximal single-leg hop. The motor tasks were completed for each leg, before (t0_pre), and immediately

(t0_post), 48 hr (t148hr) and 1 month (t11month) after, a neuromuscular electrical stimulation (NMES)

protocol was used to decrease the force generating capacity of the quadriceps muscle of 1 leg. MVC

torque decreased by ;30% after the NMES protocol for the stimulated leg at t0_post and t148hr (p , .001).

This reduction was associated with a significant decrease in estimation of performance and actual

performance of the maximal single-leg hop at t0_post and t148hr for the test leg (p , .001). The reduction

in performance ability was associated with low-level pain immediately after NMES, and moderate pain

and an increase in the belief that everyday motor tasks would be harmful 48 hours after NMES.

Participants accurately estimated their performance capabilities during each testing period. This study

provides a critical step toward understanding the potential for decreased force-generating capacity and

muscle pain to modify the relationship between motor performance and perceived abilities.

Keywords: motor performance, perceived capability, single-leg hop, pain

Catching-to-lifting a heavy weight (Bleuse, Delval, & Defebvre,

2014) such as a pack of bottles, walking through apertures or

jumping over a gap are common tasks that require an accurate

perception of one’s own action capabilities to efficiently achieve

the goal. Healthy individuals generally underestimate their action

capabilities by ;8% to 10%, which is thought to provide a safety

margin, to reduce the risk of task failure and potential for injury

(Hackney & Cinelli, 2013; Linkenauger, Witt, & Proffitt, 2011).

The ability to perceive action capabilities is affected by changes in

physiological potential, for example, general fatigue (Pijpers, Ou-

dejans, & Bakker, 2007), fitness level (Bhalla & Proffitt, 1999),

athletic expertise (Weast, Shockley, & Riley, 2011), and aging

(Hackney & Cinelli, 2013). Underestimating a reduction in per-

formance ability could lead to risky behavioral responses, acci-

dent, or injury as has been observed in the elderly population who

are at greater risk of falls (Comalli, Franchak, Char, & Adolph,

2013). In contrast, overestimating a reduction in performance

ability may be associated with decreased physical activity (Saku-

rai, Fujiwara, Ishihara, Higuchi, Uchida, & Imanaka, 2013) as

observed in older people with pain (Patel, Guralnik, Dansie, &

Turk, 2013). In line with these empirical studies and the “action-

specific paradigm,” which postulates that people experience the

world in terms of their action capabilities (Witt & Riley, 2014), we

aim to determine if the estimation of performance capabilities is

updated when a muscle’s force-generating capacity is impaired

that is, following muscle damage and associated pain.

We have recently demonstrated that local unilateral acute mus-

cle pain reduces performance ability and perception of perfor-

mance ability of a maximal single-leg hop (Deschamps, Hug,

Hodges, & Tucker, 2014). Interestingly, this reduction occurred
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bilaterally even though pain was induced unilaterally in a knee

extensor muscle. We concluded that the reduction in performance

and perception of performance ability during acute pain was con-

sistent with protecting the painful region. In the case of contralat-

eral pain, participants likely reduced their maximal hop distance to

reduce the chance that they would need to use their painful leg for

balance. This is consistent with the proposition that people change

how they perceive their action capabilities when anticipating the

pain induced by future actions (Tabor et al., 2015; Witt, Linke-

nauger, Bakdash, Augustyn, Cook, & Proffitt, 2009).

The injection of hypertonic saline into muscle (as performed in

the aforementioned study) is an effective technique used to induce

acute nociceptive stimulation (Graven-Nielsen, Arendt-Nielsen,

Svensson, & Jensen, 1997; Graven-Nielsen et al., 1997) that is

experienced for ;5 to 10 min. However, this pain model is not

necessarily associated with a decrease in muscle force-generating

capacity (e.g., Slater, Arendt-Nielsen, Wright, & Graven-Nielsen,

2003), which is commonly observed after strenuous exercise as a

result of fatigue (Kennedy, Hug, Sveistrup, & Guével, 2013)

and/or muscle damage (Brown, Howatson, Keane, & Stevenson,

2015). Further, pain induced with hypertonic saline can reduce in

intensity with muscle contraction (Tsao, Tucker, Coppieters, &

Hodges, 2010). Therefore, this acute pain model does not replicate

many aspects of clinical pain/injury. It remains unclear if the

estimation of performance capabilities is updated when a muscle’s

force-generating capacity is impaired that is, following muscle

damage. Further, it is unclear whether the perception of a reduction

in performance ability (resulting from the muscle damage) may be

enhanced by the presence of local persistent nociceptive feedback

(pain).

This study aimed to investigate the effects of muscle damage

and associated pain on the perception of action capabilities and

maximal performance of a single-leg hop. To minimize the occur-

rence of central fatigue (Zory, Boërio, Jubeau, & Maffiuletti,

2005), we used neuromuscular electrical stimulation (NMES)

rather than eccentric exercise to decrease the force generating

capacity of the quadriceps muscle of one leg of otherwise healthy

volunteers. The presence of muscle damage is systematically re-

ported after a NMES protocol, with the development of delayed

muscle soreness that peaks 48 hr after NMES (Aldayel, Jubeau,

McGuigan, & Nosaka, 2010; Jubeau et al., 2008). Thus partici-

pants performed a series of estimations and then performances of

a maximal single-leg hop before, immediately after, 48 hr after and

1 month after NMES-induced muscle damage. This protocol al-

lowed us to differentially consider if the perception of action

capabilities is altered by (1) muscle fatigue/damage (Jubeau et al.,

2008; Zory et al., 2005), immediately after the NMES protocol

when mild pain is possible during the hop but is unlikely during

the estimation of hop distance performed in quiet single-leg stand-

ing; and (2) muscle damage with moderate pain that is present

during activities of daily living and peaks 48 hr after NMES

protocol (Crameri et al., 2007). Consistent with reduced per-

formance ability during isometric maximal voluntary contrac-

tions following NMES (Graven-Nielsen, Lund, Arendt-Nielsen,

Danneskiold-Samsøe, & Bliddal, 2002), we hypothesize that

maximal single-leg hop distance will be lower immediately and 48

hr after NMES. Further, given the presence of pain during every-

day motor tasks, that peaks 48 hr following NMES, we hypothe-

size that participants will better perceive their reduction in perfor-

mance ability 48 hr after NMES than immediately after. Finally,

consistent with protecting the painful or injured region (Des-

champs et al., 2014), we hypothesize that the reduction in perfor-

mance ability and perception of performance ability will be ob-

served bilaterally. As force-generating capacity and associated

muscle soreness recover to their baseline values 3 weeks after the

damaging exercise (Lacourpaille, Nordez, Hug, Couturier, Dibie,

& Guilhem, 2014), we expect all outcome measures to have

returned to baseline levels by the 1-month follow up session.

Method

Participants

Twenty-five healthy participants (21 men, 4 women; mean age

22.4 6 3.7 years, height 174.9 6 7.4 cm, body mass 68.2 6 11.3

kg) volunteered to participate in the study. All participants were

engaged in regular physical activity (e.g., cycling, running, judo,

swimming) but none had previous experience with the maximal

single-leg hop task. Twenty-one participants indicated a preference

to kick a ball with their right leg. Exclusion criteria included visual

or physical impairments, psychiatric or neurologic disorders, any

long-term medication use or any pain in the lower limbs within the

previous 12 months that had resulted in time off work or atten-

dance to a medical doctor. Participants were informed of the

experimental tasks, associated risks and the discomfort expected

due to the NMES protocol before providing written consent. The

experimental design of the study was approved by the Ethical

Committee of Nantes Ouest IV (reference: CPP-MIP-004P) and

was conducted in accordance with the Declaration of Helsinki.

Experimental Apparatus

A rigid floor mat (4 cm thick, 7 m long, 1 m wide) was laid in

a room with minimal possible visual cues that could be used to

assist the estimation of maximal hopping distance. A white line of

masking tape was placed along the midline of the floor mat.

Participants were asked to focus on and aim for the midline when

estimating their hop performance and when performing the single-

leg hop task, respectively.

The estimated and actual hop distance was evaluated using a

4-camera OptiTrack 3D motion analysis system (Natural Point,

Corvallis, Oregon) with data acquired at 100 Hz (see Figure 1). An

infrared emitting diode (IRED) was placed bilaterally on the

participant’s big toe, and another two IREDs were placed on the

extremities of the estimation stick (see see the following single leg

hop estimations and performances protocol). All data were filtered

using a fourth-order Butterworth, zero-phase low pass at 5 Hz.

Experimental Protocol

Test sessions. All participants attended the laboratory on three

separate days. Data (i.e., single-leg hop estimations and actual

performances, and quadriceps maximal voluntary contractions)

were recorded twice on Day 1, immediately before (t0_pre) and

after (t0_post) NMES, and 48 hr (t148hr) and 1 month (t11month)

after the initial testing session.

General pain cognitions, maximal pain, and mobility

experience. To consider general pain cognitions, the French

version of the Pain Catastrophizing Scale (PCS) (French et al.,

2005) was completed once at the beginning of the t0 session.
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To consider pain experience at the time of testing, participants

completed a 7-point Likert scale at the beginning of each experi-

mental session (t0, t148hr, t11month). Participants were asked to

qualify their pain using the following indicators (translated from

French): 0 5 a complete absence of pain/soreness, 1 5 slight pain

and soreness only perceived with touch, 2 5 moderate pain and

soreness only perceived with touch, 3 5 pain and soreness when

lifting/carrying objects, 4 5 slight pain and soreness and/or stiff-

ness when you use your leg, 5 5 moderate pain and soreness

and/or stiffness when you use your leg, and 6 5 severe muscle

soreness/pain, high stiffness that limits your ability to move.

Finally, participants were asked to qualify their maximal per-

ceived harmfulness of common daily activities (such as squatting,

bending, walking a dog) using the Photograph Series of Daily

Activities (PHODA; Leeuw, Goossens, van Breukelen, Boersma,

& Vlaeyen, 2007) at the beginning of each experimental session

(t0, t148hrr, t11month). This questionnaire requires participants to

indicate the perceived harmfulness of each task on a standardized

visual analogue scale (scored/10) that is anchored with “not harm-

ful at all” and ”very harmful.” The PHODA includes 40 common

daily activities, and scores from the items are averaged to provide

a perceived harmfulness rating (/10).

Warm up. After completion of the pain and mobility ques-

tionnaires, participants performed ;5 min of free warm-up (cy-

cling, running, and jumping). Then, they were instructed on how to

perform the maximal single-leg hop (stand on one leg, hop max-

imally while maintaining the ability to balance on the hopping leg

upon landing), and then immediately performed 3 practice hops on

each leg.

Single-leg hop estimations and performances. To assess the

participant’s ability to estimate their maximal hop distance partic-

ipants were asked to stand on the test leg and “estimate the

maximum distance that you could hop and then maintain balance

upon landing.” Participants indicated this distance by saying

“stop” as the experimenter moved the estimation stick (placed

transversely across the width of the carpet and with a 120-cm

handle) away from the starting position at ;20 cm/s. To optimize

this estimation of maximal single-leg hop performance, partici-

pants could give instructions “further” or “closer” to the experi-

menter to make minor adjustments to the stick’s position. To limit

potential distance cues, the starting position was changed for each

trial (within an interval of about 1 m). Following each estimation,

participants were asked to close their eyes and turn away while the

experimenter returned to a new starting position.

The maximal hop performance was defined as the maximal

distance hopped during the single-leg hop test, without using the

opposite leg for stability before the jump and successfully landing

on that same leg without losing balance (Munro & Herrington,

2011). To limit the potential for any distance cues to affect

performance the starting position was altered (within ; 1m) be-

tween trials.

For all trials, the estimation of performance was conducted prior

to the actual performance. In total, six estimates (three per leg,

alternating between legs, and with the first leg counterbalanced

between participants) were recorded. Participants then performed 6

maximal single-leg hops (three per leg, alternating between legs,

and with their first leg counterbalanced between participants) with

at least 40 s of recovery between trials of the same leg to minimize

fatigue (Reid, Birmingham, Stratford, Alcock, & Giffin, 2007).

Maximum voluntary contractions (MVC). To determine

whether the maximal quadriceps muscle function of the test leg

was affected by the NMES protocol (described subsequently),

maximal knee extension force was measured for each leg during

each experimental session (after completion of all performance

estimates and actual hop performance). Participant was seated on

the ergometer with a 100° angle at the knee and hip joints (0° being

full knee extension). The maximal quadriceps force was assessed

for both legs independently. For each leg two maximal isometric

voluntary knee-extensions were performed for 5 s, with a 90-s rest

interspersed between contractions. A third maximal isometric

torque was recorded if the first two measurements differed by

more than 5%. To minimize changes in posture during MVC’s,

participants’ hips and shoulders were fixed with belts attached to

the ergometer. During MVC assessment, participants positioned

Hop distance 

Reflective 

marker 

3D motion 

capture 

cameras 

Figure 1. Sagittal view of the experimental setup for measuring single-leg hop distance.
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their arms across the chest with each hand clasping the opposite

shoulder. The force generated during muscle contraction was mea-

sured using a strain gauge (PT1 Scaime®, Annemasse, France)

mounted on the ergometer. The force signal was digitized at a

sampling rate of 50 Hz (MP36, BIOPAC Systems, Goleta, CA).

The peak force amplitude was used for further analysis.

NMES protocol. Neuromuscular electrical stimulation (Jubeau

et al., 2008) was used to induce local muscle damage (and asso-

ciated delayed onset muscle soreness, DOMS) immediately after

completion of the t0-pre experiential session. Participants were

seated on the ergometer chair with a knee angle of 100°. Electri-

cally evoked contractions were induced in the test leg (n 5 13 right

leg, n 5 12 left leg, randomly allocated to the participant) by a

portable electrical stimulator (Compex Mi Sport, Medicompex,

Ecublens, Switzerland). Three self-adhesive electrodes were

placed over the anterior aspect of the tested thigh with two positive

electrodes (5 cm 3 5 cm) positioned over the motor points of the

vastus lateralis and vastus medialis muscles which were individ-

ually identified as the sites on the skin where the smallest intensity

of stimulation was required to produce muscle contraction (Botter

et al., 2011) and one negative electrode (10 cm 3 5 cm) placed

about 5 cm below the inguinal ligament (see Figure 2). According

to previous studies (e.g., Jubeau et al., 2008), this stimulator was

programmed to deliver biphasic symmetric rectangular pulses with

the following characteristics: frequency 75 Hz, pulse duration 380

ms, on-off ratio 6.25–19 s (rise time 1.5 s, fall time 0.75 s). Each

participant underwent a warm-up, consisting of 5-min low-

frequency (5 Hz) and submaximal electrically evoked contractions.

Then the protocol consisted of 40 electrically evoked contractions

at the maximal NMES intensity tolerated (total duration: 18 min).

During the first five contractions, the intensity was increased until

the maximal tolerable level of electrical stimulation was reached.

The participants were regularly asked if the intensity of the elec-

trical stimulus remained at their “maximal tolerable level.” In the

case that a participant indicated that they could tolerate a higher

stimulus intensity, the intensity was further increased.

The mean level of isometric force evoked during NMES (40

contractions) was 28.9 6 9.7% (range: 11.3–48%) of the t0_pre
MVC.

Task- and NMES-related pain experience. Immediately af-

ter each estimate and performance of the single-leg hop, partici-

pants were asked to report their task-related pain on an 11-point

numerical rating scale, ranging from 0 (no pain) and 10 (most

extreme pain imaginable). Note that no pain (i.e., 0/10) was

reported at t0-pre and t11month. Following completion of the testing

session at t148hr, participants drew the region of pain experienced

on their own leg, and a photograph was taken.

Data and Statistical Analysis

Data distributions consistently passed the Kolmogorov–

Smirnov normality test, and thus all data are reported as means 6

standard deviation. As the results were the same with the average

and the maximum performance estimates and actual hopping per-

formance, only the statistical analyses with the maximum perfor-

mance as the dependant variable are presented.

To quantify the effect of NMES on muscle function, quadriceps

MVC (in N) were compared using a two-way repeated-measures

ANOVA with leg (control vs. test) and session (t0_pre, t0_post,

t148hr, vs. t11month) as within-participant variables.

The general pain and mobility experience prior to the testing

session was determined from the aforementioned 7-point Likert

scale and the PHODA, respectively. These outcome measures

were compared between testing days using repeated-measures

ANOVAs with session (t0, t148hr and t11month) as the within

participant variable. Pain in the leg that was stimulated with

NMES was reported during the t0_post and t148hr sessions only.

Subsequently, a repeated-measures ANOVA was used to deter-

mine whether a difference in pain intensity was observed between

session (t0_post vs. t148hr) and/or measure (estimate vs. perfor-

mance).

A single analysis of covariance (ANCOVA) with repeated mea-

sures was used to determine if the NMES protocol (and subsequent

muscle soreness) affected the maximal single-leg hop distance,

with session (3 4: t0_pre, t0_post, t148hr, vs. t11month), measure (3

2: estimates vs. performance) and leg (3 2: control vs. tested) as

within participant variables and PCS score and PHODA score at

t148hr as potential confounding factors (covariates). Precisely, this

ANCOVA was conducted to examine a possible confounding

effect of pain related cognitions to participants’ performance esti-

mation and actual performance.
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VL VM

Patell
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A

Figure 2. Neuromuscular electrical stimulation (NMES) protocol and induced pain location. Approximated

regions for the, vastus lateralis (VL); vastus medialis (VM) and patella are shown in each panel. Panel A:

Placement of the stimulating electrodes for the NMES protocol (example of a right leg shown, however note that

n 5 13 participants received NMES to their right leg, and n 5 12 participants received NMES to their left leg;

Panels B2C: The area of pain (gray circles) reported by each participant t148hr after NMES was applied (to the

right leg (Panel B); and to the left leg (Panel C) are shown overlaid on a representative image of the distal thigh

and knee cap (patella).
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The level of significance was set at p , .05. For all analyses,

effect sizes were quantified as partial eta square (hp
2), with mod-

erate and large effects considered for hp
2 5 0.07 and hp

2
$ 0.14,

respectively (Cohen, 1988). Bonferroni post hoc tests were per-

formed following significant main effects (adjusted p values are

reported).

Results

Maximal Knee Extension

Maximal knee extension torque was influenced by a main

effect of session, F(3, 72) 5 37.03, p , .001, hp
2 5 .61, and leg,

F(3, 72) 5 20.48, p , .001, hp
2 5 .46), and a Session 3 Leg

interaction, F(3, 72) 5 50.54, p , .001, hp
2 5 .68. MVC of the

test leg was reduced at t0_post (1189 6 325.6 N, 230.6 6

14.1%, p , .001) and t148hr (1171.3 6 395.3 N; 231.8 6

19.4%, p , .001) compared to t0_pre (1765 6 495.4 N) and

t11month (1778.5 6 514 N). In contrast, MVC remained similar

(1710.9 6 567 N) over time for the control leg (all post hoc

time comparisons p . .9). Finally, the MVC was significantly

lower in test leg compared to the control leg at t0_post (p , .001)

and t148hr (p , .001; see Figure 3).

Pain Cognitions, Pain Intensity, and Mobility Index

Prior to beginning the experiment participants scored 6.4 6 3.5

(/16), 3.5 6 2.5 (/12) and 5.1 6 3.1 (/24), respectively, in the

rumination, magnification, and helplessness subscales of the

French PCS.

There was a main effect of session, F(2, 48) 5 314.6, p , .001,

hp
2 5 .92, on the participants general pain intensity rating measured

using the 7-point Likert scale. Participants rated their general pain

as higher at t148hr (4.7 6 1) than at t0_pre (0.4 6 0.7; p , .001) and

at t11month (0.2 6 0.4; p , .001). There was also a main effect of

session, F(2, 48) 5 85.7, p , .001, hp
2 5 .78] on PHODA score.

Participants reported that the common lower limb movement tasks

would be more harmful at t148hr (3 6 1.5/10) than t0 (0.8 6

0.7/10; p , .001) and t11month (0.3 6 0.4/10; p , .001). The

perception of everyday activities being harmful (PHODA) and the

7-point Likert pain scale were highly correlated at t148hr (r 5 .69;

p , .001).

Pain During Performance

No pain was reported during estimation or performance of the

single-leg hops at t0_pre or t11month. When considering the t0_post
and t148hr testing sessions, there was a main effect of session, F(1,

24) 5 9.44, p 5 .005, hp
2 5 .28, and measure, F(1, 24) 5 51.4, p ,

.001, hp
2 5 .68, and a Session 3 Measure interaction, F(1, 24) 5

6.4, p 5 .02, hp
2 5 .21, on the pain intensity reported during the

hop task. Greater pain intensity was reported during the actual

performance (4.3 6 2/10) than the estimates (1.6 6 1.6/10) at

t148hr (p , .001). No difference in pain level was reported at t0_post
between performance estimates (1 6 1.4/10; 3/25 participants

rated their pain .2/10 with a maximum 5 6/10) and actual

performance (2.5 6 2.1/10; 10/25 participants rated their

pain .2/10 with a maximum 5 6/10) (p 5 .33). Figure 2 depicts

the diffuse regions of pain reported by participants immediately

following the experimental session at t148hr.

Estimates and Actual Performance (ANCOVA)

Before NMES (t0_pre), participants estimated their maximal

single-leg hop distance to be 194.1 6 33.9 cm, and they performed

their maximal single-leg hop at 203.4 6 24.8 cm (on average for

both legs). There was no significant main effect of measure, F(1,

22) 5 0.56, p 5 .46, hp
2 5 .03, or significant interaction consid-

ering this factorf(all Fs ,2.02, p values . .12; all hp
2 , .02 (see

Figure 3). Likewise, no significant effect of leg was found, F(1,

22) 5 1.94, p 5 .18, hp
2 5 .08. However, there was a main effect

of session, F(3,66) 5 3.1, p 5 .03, hp
2 5 .13, and a Session 3 Leg

interaction, F(3,66) 5 4.13, p 5 .01, hp
2 5 .17. Post hoc analysis

revealed a significant reduction in both estimation and perfor-

mance for hops using the tested leg at t0_post (178.5 6 28.8 cm)

and t148hr (180.6 6 33.1 cm), in comparison with both t0_pre
(198.9 6 28.7 cm; both p values , .001) and t11month (202.6 6

30.7 cm; both p values , .001). No significant change in estima-

tion of performance or actual performance was observed between

sessions for the control leg (all p values 5 1).

There was no significant effect of the covariates, PCS score,

F(1, 22) 5 0.38, p 5 .54, hp
2 5 .02, or PHODA_t148hr, F(1, 22) 5

0.43, p 5 .52, hp
2 5 .02, on either the estimate or actual perfor-

mance measures.

Discussion

The present study was designed to determine whether a decrease

in maximal performance ability accompanied by a low to moderate

level of pain is associated with an updating of perception of action

capabilities (i.e., performance estimates) when performing a

single-leg hop. Consistent with the observed reduction in MVC

force, maximal hop performance was significantly reduced imme-

diately after and 48 hr after NMES of the quadriceps muscles. This

reduction in performance ability was associated with low-level

pain (in some participants) immediately after NMES, and moder-

ate pain and an increase in the belief that everyday motor tasks

would be harmful 48 hours after NMES. Performance ability, pain

and harmfulness cognitions were all fully recovered by the third

testing session, 1 month post NMES. In contrast to our second

hypothesis (i.e., improved participants’ perception of reduction in

performance ability at t148hr than at t0_post), participants accurately

perceived their performance capabilities during each testing pe-

riod, irrespective of the reduced performance ability induced by

NMES and/or peak pain experienced as a result of NMES. In

contrast to our third hypothesis, the reduction in performance

ability and perception of performance ability was only observed

for the test leg. This contrasts previous work that demonstrated

bilateral changes in performance ability and perception of perfor-

mance ability during dynamic tasks with acute unilateral experi-

mental pain (Deschamps et al., 2014; see potential explanations in

the following text).

NMES Reduces Performance Ability During

Dynamic Tasks

The NMES protocol used in our current investigation aimed

to reduce the maximal force generating capacity of the vastii
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muscles of one leg. We have demonstrated that a ;31 6 14%

and 32 6 19% reduction in ipsilateral MVC induced by NMES

at t0_post and t148hr respectively, occurs concurrently with a

13.9 6 8% and 11 6 10.3% reduction in ipsilateral maximal

single-leg hop performance at t0_post and t148hr respectively.

This decrease in maximal force generating capacity occurred

simultaneously with higher pain intensity at t148hr than at

t0_post. No change in MVC or hop performance was observed in

the contralateral leg following NMES (consistent with Aldayel

et al., 2010). Overall, these results demonstrate that our proto-
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Figure 3. A significant reduction in isometric quadriceps maximum voluntary contractions (MVC) (N; Panel

A), actual performance (cm; Panel B), and performance estimates (cm; Panel C) was observed for the test leg

at t0_post and t148hr compared with assessments at t0_pre and 1 month (t11month).
p Significant difference between

t0_post or t148hr, and t0_pre or t11month for the test leg. # Significant difference between legs at t0_post and t148hr.

Error bars correspond to the standard deviations.
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col effectively decreased the force-generating capacity of the

vastii muscles of the test leg.

Pain Cognitions, Pain Intensity, and Mobility Index

Participant’s pain related cognitions were as expected for a

healthy population (Sullivan, Bishop, & Pivik, 1995). The pres-

ence of pain is generally minor (and not reported) immediately

after NMES. In accordance with this, only 3/25 participants rated

their pain .2/10 during the estimations (group average: 1.0 6

1.4/10, maximum 6/10) and 10/25 participants rated their

pain .2/10 when performing the hopping task on the test leg

(group average 2.5 6 2.0/10, maximum 6/10) at t0_post. Of note,

when asked following completion of the hopping task, participants

reported that the pain experienced during the hopping task was

associated with the landing phase of the hop when the knee

extensors were eccentrically contracting. As expected, pain expe-

rienced when performing the hopping task on the test side in-

creased further (to 4.3 6 2/10) by t148hr. At t148hr, general pain

experience was moderate (4.7 6 1.1 on the 7-point Likert scale),

and everyday movement tasks were perceived as moderately harm-

ful on the PHODA scale (3 6 1.5/10). We are therefore confident

that sufficient decreased force-generating capacity and associated

pain occurred due to the NMES protocol to test our hypotheses.

Unilateral Changes With Unilateral Muscle Damage

and Pain

The unilateral reduction in maximal hop distance is somewhat

surprising given the results of our earlier study (Deschamps et al.,

2014). We have previously shown that maximal single-leg hop

distance was reduced bilaterally when acute pain was induced by

injection of hypertonic saline into one knee extensor muscle.

Similarly, Bonifazi, Ciccarone, della Volpe, Spidalieri, and Rossi

(2004) demonstrated that pain induced in either the ipsilateral or

contralateral prime mover (i.e., the biceps) affects maximal uni-

lateral bench press performance. As the NMES protocol was

associated with local pain and reduced performance ability of the

knee extensor muscles, we hypothesized a similar bilateral reduc-

tion in hop performance. We have previously argued that the

bilateral reduction in performance was associated with a protective

mechanism, that is, reduced performance on the contralateral side

lessens the chance of balance loss upon landing, and thus reduces

the possibility to need to use the painful region for balance. The

intensity of pain cannot account for the differences in our own

results as similar pain intensities were reported in this study at t148

(4.3 6 2.0/10) and our previous work (4.7 6 0.4/10) (Deschamps

et al., 2014). We propose two potential explanations for the dif-

ferences in results. First, the onset of pain induced by hypertonic

saline is rapid (within ;20s), and the maximum pain intensity is

often reported within ; 1 min of the injection (e.g., Graven-

Nielsen et al., 1997). In contrast, pain following NMES increases

gradually over 48 hr. As such, the motor adaptation to a similar

pain intensity may be very different given other contributors to the

pain experience. Second, pain induced by hypertonic saline is

continuous for 5 to 10 min, which contrasts to the pain following

NMES that peaks on muscle contraction (during landing for the

hopping task). It is therefore possible that participants did not

adopt the previously observed protective strategy, as pain was not

present when they performed the hop with their contralateral leg.

The Perception of Action Capabilities

Participants in our study accurately estimated their performance

ability during all experimental sessions. This finding contrasts

some previous work (including our own) which shows that most

people underestimate their performance ability by ;8% to 10%,

and is thought to provide a safety margin, to reduce the risk of task

failure and potential for injury. Our current results may be ex-

plained by the high level of physical fitness of our participants. For

example, it is well understood that physically fit participants or

highly trained individuals are less likely to underestimate their

performance ability (Bhalla & Proffitt, 1999; Higuchi et al., 2011),

and exhibit faster learning to estimate successfully their action

capabilities (Ramenzoni, Davis, Riley, & Shockley, 2011).

NMES is well known to induce local peripheral muscle fatigue

(Zory et al., 2005) and local muscle damage (Aldayel et al., 2010;

Jubeau et al., 2008; Malatesta, Cattaneo, Dugnani, & Maffiuletti,

2003). Our NMES protocol induced low to moderate pain imme-

diately after and 48 hours after stimulation, respectively, and the

belief that everyday motor tasks would be moderately harmful 48

hr after stimulation. Further, our NMES protocol reduced maximal

hop distance in the test leg immediately after and 48 hr after

stimulation. Despite these effects of NMES, we have shown that

participants accurately estimated their performance ability during

each testing session. This ability to quickly update the perception

of our action capability is consistent with our previous study that

considered the same maximal single-leg hop task when acute pain

was induced by injection of hypertonic saline in the leg (Des-

champs et al., 2014). However, in contrast to our second hypoth-

esis, the presence of moderate pain was not necessary to assist in

updating the perception of action capabilities. It appears that there

was sufficient afferent information (potentially indicators of mus-

cle fatigue/damage but not necessarily nociception) at t0_post to

assist with the update of estimation of action capability.

The perception of action capabilities is altered in people with

chronic pain (Witt et al., 2009) when estimating distance to walk,

but has not been considered in a similar maximal hopping task.

Further, we are unaware of other studies that have considered the

perception of action capabilities during clinical/chronic musculo-

skeletal pain condition. We therefore contend that any potential

change in perception of action capabilities in people with chronic

pain (Witt et al., 2009) is not likely due to a direct effect of

nociception, local fatigue and local muscle damage alone. It is

possible that the updated perception of action capabilities as ob-

served in our study might be driven by changes in self-efficacy,

which is known to influence physical performance (Bandura,

1998; Maly, Costigan, & Olney, 2006). In other words, partici-

pants may have interpreted the fatigue and pain that they experi-

enced as signs of vulnerability to poor performance. Self-efficacy

was not assessed in the current study, but will be an important

consideration in future studies which include people with clinical

pain and/or injury.

Further, the present study demonstrates that a change in belief of

harmfulness of everyday motor tasks due to experimentally in-

duced pain and muscle damage does not influence the accurate

perception of action capabilities in young healthy adults. This is

consistent with young sports participants smoothly calibrating the

continually evolving relationships between action capabilities and

environmental properties (Fajen, Riley, & Turvey, 2009).
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In combination with our previous work, this study provides a

critical step toward understanding the potential for musculoskele-

tal pain, local muscle fatigue, and muscle injury to modify the

relationship between motor performance and perceived abilities in

healthy individuals. It is now important to determine if the process

of estimating action capabilities is updated in a similar way in

diverse samples of people living with clinical pain with differing

pain (and self-efficacy) related cognitions as little it known about

the relationship between perception of ability and actual ability in

clinical populations.
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ABSTRACT:

Protein-energy wasting (PEW), defined as a loss of body protein mass and fuel

reserves, is a powerful predictor of adverse outcomes in haemodialysis (HD)

patients. Robust arguments suggest that intra-dialytic exercise, combinedwith

oral/parenteral nutrition, enhances the effect of nutritional interventions in

HD patients. This pilot randomized controlled trial investigated the feasibility

and theeffects of a 6month intra-dialytic cyclingprogramcombined to a nutri-

tional support on PEW, physical functioning (gait, balance, muscle strength)

and quality of life (QoL) in older HD patients (mean age 69.7±14.2years).

Twenty-one patients fulfilling diagnostic criteria of PEW were randomly

assigned to Nutrition-Exercise group (GN-Ex, n=10) or Nutrition group (GN,

n=11). Both groups received nutritional supplements in order to reach recom-

mended protein and energy intake goals. In addition GN-Ex completed a

cycling program. No significant difference between groups was found in the

number of patients having reached remission of PEW. Likewise, no change

was observed in serum-albumin, -prealbumin, C-reactive protein, body mass

index, lean- and fat-tissue index, or quadriceps force. Interestingly, we found

positive effects of exercise on physical function and QoL for the GN-Ex, as

evidenced by a significant improvement in the 6-min walk test (+22%), the

absence of decline in balance (unlike the GN), and a noteworthy increase in

QoL (+53%). Combining intra-dialytic exercise and nutrition in HD patients

is feasible, and well accepted, improves physical function and QoL but it

appears not to have the potential to reverse PEW.

Protein-energy wasting (PEW) is an insidious complication in

haemodialysis (HD) patients,1 defined as the loss of body pro-

tein mass and fuel reserves.2 The mechanisms causing PEW

are complex: low nutrient intake, loss of nutrients in dialysate,

and abnormalities that stimulate protein degradation and/or

decrease protein synthesis. Accordingly, prevention and treat-

ment of PEW aim to replenish protein and energy stores and

stimulate anabolic processes. Traditional management of PEW

consists of dietary counselling, oral nutritional supplements

(ONC), enteral feeding, and in severe cases, the use of intra-

dialytic or total parenteral nutrition.3

Multiple studies have pointed out anabolic effects of physical

activity inHD patients.4Both resistance and endurance training

induce transcriptional changes in genes, which stimulate

anabolic signalling pathways.5 Thus intra-dialytic exercise,

combined with oral or parenteral nutrition, enhances amino

acid uptake and protein accretion in the muscles.6 Program-

ming exercise training during the HD session has important

advantages, particularly better adherence by patients who feel

safer7 and increased dialysis efficiency through improved

removal of solutes.8

In sum, there are robust arguments suggesting a clinical

interest in prescribing intra-dialytic exercise combined with

nutritional interventions to PEW patients. However, no ran-

domized controlled open-label trial has investigated the effect

of such an intervention on PEW (see9 for details). This pilot trial

aimed to determine whether an intra-dialytic exercise program

combinedwith nutritional support is able to safely reverse PEW

© 2016 Asian Pacific Society of Nephrology
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and induce favourable effects on functional performances (gait,

postural control and muscular strength), body composition,

and quality of life (QoL) in older HD patients.

METHODS

The Ethical Committee of Nantes Ouest IV (ref: n°2012-

A01662-41) approved the study. The study protocol is

described in detail elsewhere,14 and was registered at http://

clinicaltrials.gov/:NCT01813851.

In sum, all 210 patients of two units treated by haemodialysis

or online haemo-diafiltration were screened for serum

albumin, serum prealbumin, C-reactive protein (CRP) levels,

bodymass index (BMI), and the presence of weight loss accord-

ing to the PEW criteria. Eligibility criteria were age>18years,

minimum haemodialysis vintage of 3months, and satisfying

the criteria for PEW2 (three out of the four listed categories

and at least one test in each of selected category): (i) Serum chem-

istry criteria: Serum albumin level< 3.8g d/L (Bromcresol

Green), or serum prealbumin<300mg/L); (ii) Body mass

criteria:BCI<23kg/m2, or unintentional weight loss> 5%over

3months or> 10 % over 6months); (iii) Muscle mass criteria:

lean bodymass (LBM) estimated by bioimpedance spectroscopy

(Body Composition Monitor (BCM) Fresenius, Bad Homburg,

Germany) lower than the 10th percentile of an aged-matched

normal population; and (iv) Dietary intake criteria: Unintentional

low dietary protein intake< 1g/kg of ideal weight/day for

at least 2months, unintentional low dietary energy

intake<30kcal/kg of ideal weight /day for at least 2months.

Twenty-one HD patients were randomly assigned to

Nutrition-Exercise group (GN-Ex) (mean age 68.5±14years;

n=10) or Nutrition group (GN) (mean age 70.8±15.2years;

n=11). Seven patients in GN-Ex and nine patients in GN com-

pleted the 6months of the study (Table 1). Causes of dropout

were death due to comorbidities and not related to the inter-

ventions (1 of GN; 1 of GN-Ex), undercurrent disease (2 of

GN-Ex), and withdrawal of consent (1 GN) (Fig. 1).

Nutritional intervention

All patients received dietary counselling by a dietician. The pre-

scription ofONCor intra-dialytic parenteral nutrition (IDPN) (if

ONC intolerance) was adapted to patient needs according to

the dietary record to attain goals set by the EBP guidelines

(see9 for details). No changes in the dialysis prescription were

allowed except modification of dry weight.

Exercise program

Patients in GN-Ex completed a 6-month training program,

which consisted of a progressive submaximal individualized

cycling exercise using a cycloergometer at the beginning of

each of the three weekly dialysis sessions at an intensity per-

ceived as moderate. We aimed at reaching 30min duration of

continuous cycling at intensity, corresponding to the level “3

–moderate” on the Borg Rating Perceived Exertion (RPE) scale

(see9 for details).

Primary outcome

The number of patients who no longer were in a state of PEW

was compared at study end. Remission of PEW was defined

as normalization of albumin, prealbumin and of the lean tissue

index.

Biological measures

Serum albumin and -prealbumin were measured monthly. All

patients had a monthly routine serum chemistry follow-up, in-

cluding serum electrolytes, -bicarbonate, -urea and -creatinine,

urea reduction rate KT/V.

Body composition

Body-composition (lean tissue index, (LTI, kg/m2) and fat tis-

sue index (FTI, kg/m2) weremeasured using the Body Compo-

sition Monitor (Fresenius Medical Care, Bad Homburg,

Germany) every 2months.

Assessment of physical capacity, balance andmuscle

strength

Gaitwas assessed using the 6-minwalk test (6MWT), which is a

reliable measure of physical capacity. Muscle strength was

measured using a manual dynamometer (Metil Industry,

Belgium) and the balance performance was measured using a

Kistler force platform using a protocol described elsewhere.9

In sum, for all data collection of postural sway, the system

was linked to BioWare 5.2.2 software thus providing centre-

of-pressure (COP) parameters, such as area (95% confidence

ellipse).

Quality of life

The generic self-reported Medical Outcome Study Short Form

36 (SF-36) was used as a valid assessment of health-related

QoL in dialysis patients.10

Statistics

To test the effects of exercise programon all outcomemeasures,

univariate two (Group: GN-Ex vs. GN)×4 (Time: t0, t+2m, t

+4m and t+6m) ANOVAs were performed for each dependent

variable, with Newman-Keuls post-hoc tests. Partial eta square

(pη2) values are reported, with pη2=0.07 and pη2≥0.14

considered moderate and large effects, respectively.

D. Hristea et al.
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RESULTS

All statistics are summarized in Table 1. Note that no differences

between final groups at t0 were found for all baseline

characteristics.

Total energy and protein intake

The analyses showed a main Group effect (P=0.03, pη2=0.3),

with a higher total energy intake for the GN-Ex as compared to

GN. For the total protein intake, only a Time effect was ob-

served (P=0.01, pη2=0.2), with post-hoc differences between

t0 and t+2m (+39.8%) and t+2m and t+4m (–10.8%).

Compliance, tolerance and volume training

Compliance to the cycling sessions was 87.7±17.1%, with

tiredness and hypotension as main reasons for not training.

Overall, the exercise program was well tolerated. One patient

with a history of cardiac arrhythmia and frequent hyper-

kalaemia presented an episode of hypotension and tachyar-

rhythmia after a cycling session. The investigator decided to

stop the study in this patient. No other exercise-related serious

adverse events were reported.

A significant bimonthly progression of the training parame-

ters, such as cycling covered distance (~103.8±46.74km/

month) and cycling duration (~355.03±95.95min/month)

(P<0.01, pη2> 0.6) was observed. The total mean virtual dis-

tance travelled by each patient was 622.9±261.3km.

Primary outcome

No difference emerged between groups in the number of pa-

tients having reached remission of PEW (χ2=0.14, P=0.7).

At study end, two patients in GN-Ex and four in GN no longer

met all PEW criteria.

Secondary outcomes (Table 1)

Biological markers of nutrition

Concerning albumin level, only a Time×Group interaction

(P=0.03, pη2=0.2) was found, with an increase for GN-Ex

and a decrease in the GN between t0 and t+2m. For

prealbumin, no effect was observed.

Body composition

TheBMI, LTI, and FTI did not significantly differ as a function of

Group or Time (all P>0.1). No interaction was observed

(P> 0.7).

6MWT performance

A Time×Group interaction was identified (P< 0.001,

pη2=0.4). The covered distance increased between t0 and

t+2m and between t+4m and t+6m only for the GN-Ex

(P< 0.01). No progression was observed for the GN (Fig. 2A).

Postural control

The ANOVAs revealed a Group×Time interaction only for

Area, revealing a higher postural instability between t0 and t

+6m for GN patients whereas no change was observed for

GN-Ex (P<0.01, pη2=0.2).

Muscle strength

The analysis showed a small decrease over Time (P=0.02,

pη2=0.2), with differences between t0 and t+2m, and t+4m

and t+6m.

Quality of life

Physical health. Only a Time×Group interaction was identified

(P< 0.01, pη2=0.2), with an increase in QoL for GN-Ex be-

tween t0 and t+2m and between t+4m and t+6m, and a de-

cline between t0 and t+2m for GN (P< 0.03). Significant

differences were found between groups from t+4m to t+6m

(Fig. 2B). Mental health. A Time×Group interaction was also

identified (P=0.001, pη2=0.4), demonstrating that the mental

health QoL increased between t0 and t+2m and between t+4m

and t+6m but only for the GN-Ex. Finally, groups differed in

the mental scores at t+6m.

Fig. 1 Consort statement.
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DISCUSSION

To our knowledge, ACTINUT is the first pilot trial to investigate

the primary effects of a 6month adapted exercise program,

combined with nutritional support, on PEW in severely mal-

nourished older HD patients. Our results showed that GN-Ex

patients started with a higher intake, but changed their intake

to a similar extent as the GN. However, contrary to our expec-

tations,9 no significant difference between groups emerged in

PEW reversal. Interestingly, the exercise program had positive

effects on physical function and QoL in the GN-Ex, as evi-

denced by an improvement in the 6MWT (+22%), the absence

of decline in balance (unlike the GN), and a noteworthy in-

crease in QoL (+53%). Overall, these results indicate clear ben-

efits of exercise on physical capacity and QoL for HD patients.11

Overall, the exercise program was free of noticeable adverse

effects, well tolerated and accepted by patients (87.7% of com-

pliance). The death of one patient in each group, unrelated to

the study intervention, is not surprising in this population at

high risk of mortality.

Clinically, the most relevant effects of this intervention are

the increase in the 6MWT performance, which has been tradi-

tionally used as a measure of physical function in numerous

exercise programs in the HD population.12–14 These studies also

found significant increases in 6MWT following an exercise

training, but in younger HD patients.14,15 However, in older

individuals, it has been shown that impairments inmotor func-

tion, such as gait speed, are highly predictive of subsequent

disability in performing activities of daily living,16 nursing

home admissions, andmortality.17 The observed improvement

in physical capabilities might contribute, over time, to delay

patients’ physical deconditioning and maintain their auton-

omy. The balance assessment reinforced this key point. The

GN patients have higher postural sway and therefore poten-

tially higher risk of falls with consequent morbidity and disabil-

ity.18 Finally, the increase in both physical (+72%) and mental

dimensions (+40%) of QoL observed in GN-Ex is consistent

with Painter’s study,17which demonstrated that the frailest pa-

tients experienced the greatest improvement in QoL following

exercise. The QoL scores are highly predictive of hospitaliza-

tions and mortality19; thus, the improvement obtained in GN-

Ex patients is even more interesting, satisfactory, and fully pos-

itive, given the specific characteristics of the studied population.

The trial’s strengths are the randomized design and the

6months follow up. The principal limitation of this pilot study

is the relatively low number of patients. In our population,

the prevalence of PEW seemed to be lower compared to those

reported by recent studies which found a prevalence of 40 %

of PEW at baseline and after 12months of follow up.20

Currently, only about 15% of the screened 210 patients ful-

filled the required criteria of PEW. Finally, due to medical con-

siderations, 21 (10%) of all patients were eligible and only 16

patients completed the study. The regular nutritional counsel-

ling and support started early in the course of ESRD in our

establishment might explain this low prevalence. Our experi-

ence highlights the difficulty of recruiting HD patients for exer-

cise studies and to maintain them over a longer period of time.

Although the trial was underpowered to detect differences

between groups with regard to the primary outcome, the re-

ported effect sizes were large, supporting herby the positive ef-

fects of exercise on QoL and functional autonomy. These

findings, which require confirmation in a larger population, of-

fer new arguments for integrating exercise programs in multi-

modal interventional trials aimed at preventing PEW and

maintaining patients’ autonomy and well-being.
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Effect of Repetitive Transcranial Magnetic Stimulation

on Psychomotor Retardation in Major Depression:

A Pilot Feasibility Study

Véronique Thomas-Ollivier, Ph.D., Thibault Deschamps, Ph.D., Samuel Bulteau, M.D., Flora Le Gall, Anne Pichot,
Pierre Valriviere, Hugo Vachon, Anne Sauvaget, M.D.

This pilot study investigated the feasibility of a comprehensive battery of tests assessing psychomotor retardation after
a 3-week protocol of repetitive transcranial magnetic stimulation for depression. In addition to the beneficial effect of this
treatment on depression, the results showed positive changes in psychomotor retardation.

JNP in Advance (doi: 10.1176/appi.neuropsych.15030068)

Psychomotor retardation is an important symptom of major
depression and is characterized by an adverse reduction in
many behavioral components, such as speech, facial expres-
sion, ideation, and fine and gross motor skills.1,2 Although
clinical rating scales are often included in the diagnostic
process, they do not provide information about psychomotor
functioning. Moreover, psychomotor retardation has been
associated with alterations in the dorsolateral prefrontal
cortex and abnormalities in the basal ganglia and dopami-
nergic pathways.2–7Modulating dorsolateral prefrontal cortex
activity with noninvasive brain stimulation may improve
psychomotor retardation in depression.

Repetitive transcranial magnetic stimulation (rTMS) ap-
plied to the dorsolateral prefrontal cortex has been proposed
as an alternative, effective, and safe therapeutic strategy for
major depression.8,9 Although its positive neurostimulation-
related effects on changes in depressive symptomatology are
well documented,10 currently very few studies have investi-
gated whether rTMS changed psychomotor retardation in
major depression. Some studies have suggested that rTMS
significantly decreased psychomotor retardation,11–13whereas
others have found that rTMS did not influence this symp-
tom.14 In these studies, psychomotor retardation was as-
sessed either with one specific scale or with only one item
of a specific depression scale, but no detailed information
about psychomotor functioning was provided. Accordingly,
we hypothesized that an objective detailed assessment of psy-
chomotor retardation was necessary to examine the effects of
rTMS, applied to the dorsolateral prefrontal cortex, on this
key symptom. Thus, we investigated the feasibility and accept-
ability of a comprehensive battery of tests for psychomotor

retardation (i.e., assessing its main motor and cognitive com-
ponents) in naturalistic conditions before and after a 3-week
rTMS protocol for major depression.

METHODS

Participants

Seven patients with major depression participated in this
open, unblinded study at Nantes University Hospital. In-
clusion criteria were ages 18–75 years, diagnosis of major
depression according to DSM-IV, partial medication resis-
tance or low tolerance, a Montgomery-Åsberg Depression
Rating Scale score $20, and no neurological, psychotic, or
addictive disorders. Exclusion criteria included contraindi-
cation to rTMS and any change in psychoactive drugs during
rTMS therapy. Patients were stimulated to the left or right
add-on to continued psychopharmacological treatment in
a naturalistic clinical setting. All eligible patients provided
a signed form for participation. Table 1 summarizes patients’
characteristics.

Study Design

A pre–post study design was adopted in which the partic-
ipants underwent a battery of psychomotor tests before and
after 15 sessions of active rTMS, which were conducted
within a 3-week period. For rTMS, the intensity was 110% of
the individual’s motor threshold, which was the minimum
stimulus required to induce contraction of the right thumb at
least five of 10 times. Five patients underwent high-frequency
rTMS on the left dorsolateral prefrontal cortex (10 Hz,
40 trains of 4 seconds with 28-second intertrain intervals,

jnp in Advance neuro.psychiatryonline.org 1
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providing a total of 1,600 pulses over 20minutes). Twopatients
underwent low-frequency rTMS on the right dorsolateral
prefrontal cortex (1 Hz, 12 trains of 60 seconds with 30-second
intertrain intervals, providing a total of 720 pulses over
17 minutes). Both sessions (before and after rTMS) lasted
45 minutes and included seven psychomotor tests.

Assessments

To examine gait speed and balance, the patients performed
the Timed Up and Go test. Balance was measured using
a force platform to record the center-of-pressure–based
parameters such as the mean velocity (in millimeters per
second). Four conditions were tested (random order): two
trials of standing balance with eyes open or eyes closed and
two trials (eyes open versus eyes closed) of counting back-
ward (dual task; the enumerated figures were recorded with
a tape recorder). The trial durationwas 60 seconds, followed
by a short rest period. A finger-tapping test examined motor
speed. Participants were asked to tap their right and left in-
dex finger on a lever as quickly as possible within a 10-second
time interval. Finally, manual strength was measured with
a handheld dynamometer and repeatedwith both hands three
timeswith 30 seconds of recovery between each effort. Verbal
fluency tasks were proposed to test clustering and shifting

ability. Participants were required to say as many words as
possible within 1 minute, which began with a given letter
(R or P) and belonged to a specified semantic category (fruit
or clothes). The symbol subtest of the WAIS symbol search
was performed as a processing speed index. The order of
the tests was randomly counterbalanced within sessions.
The perceived difficulty 15-point category scale15 assessing
the perceived difficulty of performing the tasks and the
10-point Borg scale of perceived exertion16 provided feedback
regarding the feasibility and acceptability of psychomotor
assessments.

RESULTS

All participants complied with the protocol. None of the
participants withdrew from the study. Participants reported
no adverse effects of the intervention associated with com-
pletion of the battery. The low 15-point categorical scale
scores and ratings of perceived exertion suggest that psy-
chomotor assessments are highly acceptable. Notably, the
Montgomery-Åsberg Depression Rating Scale scores showed
a significant decrease after the rTMS intervention (paired-
sample Wilcoxon test: p50.02, large Cohen’s d51.42). More-
over, t tests revealed positive effects of the rTMS intervention

TABLE 1. Baseline Characteristics of Seven Patients With Major Depressive Disorder and Main Results Before and After 15 Sessions of

Active rTMS Within a 3-Week Perioda

Characteristic Baseline Value Before rTMS Treatment After rTMS Treatment % Evolution p Value

Age 54 (9.2);(45–71)
Gender
Men 2
Women 5

Tests assessing psychomotor
retardation
MADRS 32.28 (20–41) 32.28 (20–41) 18.14 (2–34) –43.8 0.02b

3-Meter Timed Up and Go test
(seconds)

8.18 (5.7–13.3) 7.7 (5.7–10.1) –3.2 0.40

Balance (COP mean velocity in
millimeters per second)
Simple task
Eyes open 12.48 (5.83) 10.68 (5.11) –16.86 0.07
Eyes closed 16.61 (6.43) 14.80 (5.70) –12.17 0.07

Dual task
Eyes open 14.75 (7.50) 12.62 (6.07) –20.74 0.04b

Eyes closed 18.49 (5.46) 14.91 (3.11) –24.04 0.04b

Finger-tapping test (no. of taps)
Left 51.14 (2–62) 54.42 (44–67) 13.86 0.09
Right 54.85 (45–71) 57 (38–73) 16.97 0.03b

Handgrip test (kg)
Left 22.27 (16.66–35.03) 22.73 (11.03–37.3) 18.09 0.23
Right 22.38 (14.16–36.44) 23.3 (16.51–36.37) 14.62 0.73

Letter fluency task 16.60 (4.32–31) 16.57 (8–22) –0.19 0.86
Category fluency task 19.7 (7.8–27.75) 22.14 (8–36) 112.37 0.61
Subtest WAIS-IV symbol search 24.57 (9–36) 24.42 (8–42) –0.61 0.90
DP-15 1.28 (0–3) 2.28 (0–5) 110.0 0.17
RPE 4.57 (2–8) 3.42 (0–7) –7.61 0.39

a Data are presented as means with standard deviations or minimum to maximum values. Maximum scores were 60, for the MADRS and WAIS-IV symbol search
test, 15 for the DP-15, and 10 for the RPE. COP, center of pressure; DP-15, perceived difficulty 15-point category scale; MADRS, Montgomery-Åsberg
Depression Rating Scale; RPE, ratings of perceived exertion; rTMS, repetitive transcranial magnetic stimulation.

b Significant evolutions (p values from paired-sample Wilcoxon tests).
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on postural control, with a significant decrease in center-of-
pressure mean velocity at post-rTMS evaluation compared
with baseline assessment in a dual-task condition (eyes open
condition: –20.74%, p50.04, medium Cohen’s d50.42; eyes
closed condition: –24.04%, p50.04, large Cohen’s d51.04).
Note that no change in the number of enumerated figures or
errors while counting backward aloud was found. A positive
effect was also found for the dominant right finger–tapping
performance (16.97%, p50.03, small Cohen’s d50.21). All
results are summarized in Table 1.

DISCUSSION

Our study showed that administering a comprehensive psy-
chomotor battery of tests during rTMS is feasible, free of
adverse effects, and well tolerated by the patients in natu-
ralistic conditions before or after the treatment. Moreover,
this pilot study—despite the limited sample—showed a sig-
nificant effect of rTMS treatment on depression, which is
consistent with the previous literature.17 In addition, after
the intervention, participants showed positive changes in
psychomotor impairment, and they were able to perform
more functional motor activities (e.g., more efficient postural
control) associated with probable improvement in cognitive
efficiency (e.g., improved dual postural performance). Ac-
cordingly, a better reweighting of velocity information, as
indicated by lower mean velocity values after rTMS treat-
ment, appears to be a meaningful objective index of an ef-
fective adaptive process, given the baseline characteristics
related to psychomotor retardation (Mignardot et al.18 ar-
rived at similar conclusions in patients with Alzheimer’s
disease). This point is also of special interest for clinical
balance assessment and the risk for falls in major depres-
sion.19 Overall, our findings are in line with previous studies
that reported improvements in the Depressive Retardation
Rating Scale scores, a subjective scale validated to assess the
severity of psychomotor retardation.11 In support of our ex-
pectations, these present objective and motoric markers are
likely sensitive to improvement of psychomotor retardation
in depressed patients after 3 weeks of rTMS intervention.13

However, two studies reported that psychomotor retarda-
tion significantly improved only after 10 sessions of rTMS,11,12

yet another study with 15 sessions did not report any im-
provements.14 The features of the assessment tools for psy-
chomotor retardation may thus influence the results of the
studies, regardless of rTMS duration or other parameters,
such as frequency and laterality of stimulation site.12 Con-
cerning the underlying neurophysiological mechanisms, two
different but not exclusive processes may have induced im-
provement of psychomotor retardation. First, such improve-
ment is probably attributable to an effect of rTMSondopamine
release in the caudate nucleus and mesolimbic and meso-
striatal systems.20 Second, rTMS, when applied to the dor-
solateral prefrontal cortex, is known to have remote effects
on other dorsal regions, such as the anterior cingulate cor-
tex, which is implicated in attentional and cognitive control.

Thus, the rTMS probably reduced the attentional and cog-
nitive deficits related to psychomotor retardation in patients
with major depression.21

In summary, our study shows that our comprehensive
battery of tests assessing psychomotor retardation is feasi-
ble, safe, and well accepted in rTMS routine practice for
patients with major depression, and it allows us to identify
motor and cognitive dimensions of the RPM. However, this
clinical study has a number of limitations. First, a psycho-
motor retardation scale was not included in this feasibility
study to link to the current objective tests with respect to
a validated scale. We nevertheless assume that the com-
prehensive battery of tests we used constitutes a reliable tool
for the assessment of psychomotor retardation. In addition,
it might be more sensitive to positive effects of rTMS
intervention compared with the psychomotor retardation
scale. Second, the pilot study reported here involved a small
group of participants. Nevertheless, if the reported effects
are large (see the Cohen’s d values as measures of effect size),
supporting the consistency of the significant findings, they
need to be confirmed in a larger population. These positive
results would then help guide the feasible development of
a large, double-blind, sham-controlled trial protocol for ad-
ministering rTMS treatment in appropriate sample sizes22

of patients with depression and for testing its predictive
efficiency while accounting for the objective RPM baseline
assessment.
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Abstract It is well documented that changes in the

physiological states of the perceiver–actor influence the per-

ception of action capabilities.However, because experimental

procedures ofmost studies involved a limitless availability for

stimuli visual encoding and perceptual strategies, it remains

difficult to adopt a single position among the large range of

alternative interpretations for impaired perception. A reach-

ing-to-grasp paradigm under breathing restriction was

adapted from Graydon et al. (Cogn Emot 26:1301–1305,

2012) to standardize the time for encoding of stimuli infor-

mationandnarrowed the involvementof perceptual strategies.

In the present study, we propose a highly controlled envi-

ronment where the discrete information is presented during

300 ms, congruently with neurophysiological studies focused

on visuomotor transformation. An underestimation of the

perception of action capabilities is found under breath re-

striction, suggesting that 300 ms for stimuli encoding is suf-

ficient to induce altered visuomotor brain transformations

when limiting the involvement of perceptual strategies. This

result suggests that such behavior could refer to an impaired

brain potentiation of the perceptual occurrence, providing

strong hypotheses on the brain dynamics of sensorimotor in-

tegration that underlie impaired perception of action capa-

bilities in stressful situations.

Introduction

Most behavioral studies have demonstrated that healthy hu-

mans successfully perceive their action capabilities in various

tasks, such as stair climbing, reaching and grasping, or running

through apertures (Higuchi et al., 2011; Linkenauger, Witt,

Stefanucci, Bakdash & Proffitt, 2009; Linkenauger, Witt &

Proffitt, 2011; Warren, 1984). In these situations, the per-

ceiver’s estimations were consistent and accurate with respect

to their actual state.But, awealthof empirical studieshas shown

that the perception of action capabilities is compromised during

periods of individual’s altered physiological states, e.g., fitness

level, fatigue, pain, age or anxiety (Bhalla & Proffitt, 1999;

Deschamps, Hug, Hodges & Tucker, 2014; Graydon, Linke-

nauger, Teachman & Proffitt, 2012; Hackney & Cinelli, 2013;

Sakurai et al., 2013). However, the classic experimental pro-

cedures do not offer a clear conclusion about howphysiological

changes alter the perception of action capabilities.

Encoding and maintenance of stimuli are

not dissociated in classic experimental procedures

It is worth noting that classic experimental procedures gave

participants the opportunity for perceptual adjustments and
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strategies while their physiological properties were ex-

perimentally manipulated, or were altered by disease or

maturation. Several experimental procedures involved a

limitless presentation/availability of ‘‘discrete’’ stimuli and

an unrestricted latency for behavioral answer, e.g., when

one focus on the ‘passability’ width of an aperture width or

on the ‘crossability’ height of a bar height (Daviaux,

Mignardot, Cornu & Deschamps, 2014; Guardia et al.,

2010; Higuchi, Hatano, Soma & Imanaka, 2009; Lee,

Harris, Atkinson & Fowler, 2001; Noël, Bernard & Luyat,

2011; Sakurai et al., 2013). Despite the care taken in the

experimental designs, these open experimental procedures

might have left room for participants to interpret ambigu-

ous cues about their own physical properties and/or about

the environment’s properties during the period of com-

promised physiological state (Daviaux et al., 2014).

Moreover, metacognitive adjustments accounting for error

detection and correction, conflict resolution and emotional

control (Fernandez-Duque, Baird & Posner, 2000) might

have involved inferential strategies, especially given that

metacognitive processes benefit from extending evaluation

time to reach maximum quality (see artificial grammar-

learning paradigm in Mealor & Dienes, 2013). Hence, an

extensive period for perceptual judgement might have

lessened or enhanced the effect of changes in a par-

ticipant’s physiological properties. Finally, considering the

interplay between cognitive load and perceptual-motor

performance (e.g., Temprado, Zanone, Monno & Laurent,

1999), poor perception of action capabilities can be inter-

preted in terms of higher cognitive load demands from a

dual-task situation (e.g., the main perceptual task ? the

breath restriction task in the present experiment).

Altogether, it seems difficult to adopt a single position

among the alternative interpretations accounting for altered

perception of action capabilities. In particular, the factors

that can alter perception can exist simultaneously and in-

terplay with each other. This was demonstrated by one of

our recent findings, in which the perceived stepping-over

performance became underestimated after 24 h of sleep

deprivation, while the actual performance remained un-

changed (Daviaux et al., 2014). Since we used an open

experimental design, it was quite challenging to establish

whether the participants’ underestimation involved an in-

ability to successfully update the internal (i.e., the kinaes-

thetic and motor features of participants) and/or the

external (i.e., the environmental properties) inputs that af-

fected the estimated consequence for motor action. Like-

wise, we were not able to ascertain whether this

underestimation came from—or was smoothed/enhanced

by—a concomitant, strategically conservative interpreta-

tion of these cues resulting from their sleep deprivation

(see also Deschamps et al., 2014 for a similar discussion

about these potential alternative explanations). Note that

conservative refers here to a systematic, directional bias

that causes the perceiver to underestimate his or her

capabilities.

To specify the interpretations of how participants’ al-

tered physiological state affects their self-perceived capa-

bilities for motor action, we have propounded a new

methodological paradigm. Particularly, we extend the ex-

perimental procedure by enforcing the time window for

stimulus availability and minimizing the latency for be-

havioral answer delivery following the stimulus presenta-

tion. Thus, the prevention of information encoding (i.e.,

how information is gathered from the environment and

from the organismic properties) averted possible

metacognitive adjustments.

Standardized latencies of visual stimuli availability

and behavioral answers

The issue of latency for stimuli availability was set in ac-

cordance with neurophysiological studies, which use an up-

to-date definition of the affordance concept, and encom-

pass the notion of perception of action capabilities. The

notion of affordance was originally introduced by Gibson,

(1966, 1977) to reflect the task-specific fit between the

properties of the environment and the individual’s anthro-

pometric and dynamic features. It supports individuals’

perceptions of their capabilities for motor interaction

within their environment. The identification of visuomotor

neurons (di Pellegrino, Fadiga, Fogassi, Gallese & Rizzo-

latti, 1992) led to a refinement of the original affordance

concept (Garbarini & Adenzate, 2004). For example, Thill,

Caligiore, Borghi, Ziemke and Baldassarre, (2013) recently

reviewed studies that evidenced the implication of specific

neuronal pathways and the involvement of visuomotor

neurons in affordance selection. By ‘‘selection’’, it must be

understood that the integration of perceptual inputs gather

to the potentiation of multiple affordances, which are se-

lected among the neuronal system in the basis of the

hierarchical key aspects of actions (Hamilton & Grafton,

2007; Kilner, Friston & Frith, 2007). Within this visuo-

motor context, the unique sight of a graspable object is

assumed to potentiate a whole action, partitioned in the

brain into sub-sensorimotor components—even in case of

any intention to act—defined as stable and temporary af-

fordances (Borghi & Riggio, 2009; see also Ellis & Tucker,

2000 and the concept of micro-affordances). Stable affor-

dances account for the constant features elicited by the

graspable object, regardless of the environment, supporting

the cortical representation of its functional possibilities

(e.g., the shape of a typical glass or a tool). In contrast,

temporary affordances account for the sporadic features

of an object (e.g., the distance and the spatial orientation

of a glass). Temporary affordance is considered as the

Psychological Research (2016) 80:224–234 225
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perception of action capabilities per se in behavioral

studies aiming at disentangling impaired perception for

action.

In the case of stable affordance, most studies reported

that such affordance effect arose very early in motor-related

brain regions (Franca et al., 2012; Makris, Hadar & Yarrow,

2011; Proverbio, Adorni & D’Aniello, 2011; Proverbio,

2012). Atypical cortical events revealed the cortical access

to the distinction between the perception of manipulable

and non-manipulable objects, i.e., the perception of their

motoric properties. For example, a time–frequency analysis

of electroencephalographic data disclosed a stronger mu

frequency desynchronization over the somatosensory area

within a 140- to 175-ms window after the presentation of

manipulable objects (Proverbio, 2012), followed by the

triggering of larger cortical event-related potentials in a

210- to 270-ms time window (Proverbio et al., 2011).

Transcranial magnetic stimulations applied to the motor

cortex also revealed an increasing corticospinal excitability

of the synergist’s hand muscles around 120 and 300 ms

after the onset of a grip-congruent stimuli delivery, even

though the exact time course is still debated due to differ-

ences in experimental procedures (Franca et al., 2012;

Makris et al., 2011). Altogether, those results support that

stable affordance is encoded within the first 300 ms after

the onset of stimuli presentation. Because the identification

of stable and temporary affordances is supported by the

identification of respective but overlapping neural pathways

(Binkofski & Buxbaum, 2013; Thill et al., 2013), the stimuli

availability was then narrowed to a 300-ms time window.

An adaptation of Graydon et al.’s (2012) paradigm

To test whether altered perception of action capabilities is

detected when the involvement of perceptual strategies is

narrowed, we adapted the paradigm developed by Graydon

et al. (2012) in their study 1. Originally, participants had to

report their perceived reaching capabilities after being

breath restricted for 1 min. The evaluation of perceived

reaching-to-grasp capabilities was examined by moving a

poker chip towards and away from the participants while

the chip’s displacement and the distance to the participants’

initial seating position was always visually available (con-

tinuous stimuli presentation). Breath restriction is known to

induce anxiety (Teachman, Smith-Janik & Saporito, 2007;

Teachman & Gordon, 2009) that interacts with various

aspects of perceptual-motor performances (Nieuwenhuys,

Pijpers, Oudejans & Bakker, 2008; Nieuwenhuys &

Oudejans, 2012; Pijpers, Oudejans, Bakker & Beek, 2006;

Pijpers, Oudejans & Bakker, 2007). As a result, the par-

ticipants who experienced anxiety manipulation underesti-

mated their reaching ability. The authors interpreted this to

mean that participants who felt more vulnerable to adverse

conditions attempted to reduce the perceived dangerous

situation by becoming conservative. However, there are

other plausible interpretations, such as ambiguous percep-

tion, i.e., encoding of internal and external information,

accompanied by extra cognitive load; and metacognitive

and/or other cognitive strategies, such as hysteresis and

enhanced contrast mechanisms (Hirose & Nishio, 2001;

Lopresti-Goodman, Richardson, Baron, Carello & Marsh,

2009; Mark, 1987; Sweller, 2011).

In an attempt to distinguish among these different al-

ternatives, we first adapted Graydon et al.’s (2012) design

to involve a discrete and randomized presentation of glass

position to be reached-and-grasped, using a Box for In-

teraction with Object system (BIO) similar to that recently

developed by Oliveira, Volchan, Vargas, Gleiser and David

(2012). This device was especially designed to look at an

object, e.g., a glass, while displaying the object during very

brief (300 ms) but manifold time windows, in a highly

standardized surrounding. Behavioral answers were still

reported verbally because an update of perceived reaching-

to-grasp capabilities can be expected when the task-related

sensorimotor network is recruited, as illustrated with

‘‘learning-by-doing’’ process (Franchak, van der Zalm &

Adolph, 2010) and during ongoing movement (Hackney &

Cinelli, 2013), or as it could be expected from transcranial

magnetic stimulation (e.g., Franca et al., 2012).

Aims and hypotheses of the study

The present study owes its originality to the comparison of

control and anxiety conditions in a perceptual task of

reaching to grasp, using a restricted breathing task, with a

very short presentation of available information necessary

for the appropriate action-specific scaling of distance per-

ception. The delay for the behavioral answer was set to a

[1200–2200 ms] time window to minimize the duration of

information maintenance and to prevent a reaction time

task. Because we hypothesized that (1) altered visuomotor

transformation of reaching-to-grasp capabilities can ex-

plain the conservative behavior since (2) a 300-ms latency

is sufficient for task-related visuomotor transformation

while narrowing the involvement of perceptual strategies,

we expected an underestimate of the reaching-to-grasp

ability in anxiety-inducing conditions (in line with Gray-

don et al.,’s 2012).

Methods

Participants

Fifteen right-handed students from the University of Tou-

louse (France) volunteered to participate in the present

226 Psychological Research (2016) 80:224–234
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study, without compensation. One of the participants felt

an excessive discomfort in the ANX condition; thus, this

individual could not complete the entire session. This

volunteer was excluded from the statistical analyses. Thus,

fourteen participants were retained for the analyses (mean

age 20.9 ± 3.4 years, 60 % females, Edinburg Handedness

test score 60.9 ± 21.3, Oldfield, 1971). None of the par-

ticipants exhibited visual or physical impairment. None of

them had previous experience with the experimental de-

sign. The experiment was undertaken with the under-

standing and written consent of each participant, and it was

conducted according to the Helsinki Statement (last mod-

ified in 2004).

Experimental setup

In a darkened room, participants sat in front of the slightly

modified BIO system (Oliveira et al., 2012) synchronized

with a computer running Presentation software (Presenta-

tion, Neurobehavioral Systems, Berkeley, California) (see

Fig. 1a for an illustration). The neutral and black uniform

surround-displaying environment of the inner box re-

strained the availability of visual landmarks. The room’s

luminance was measured around 27 lx with a light meter

(Luxmètre MS-1300, Voltcraft, Lomme, France). When the

LEDs inside the BIO system are ignited, the luminance

inside the box was 52 lx while the luminance at the level of

participants’ eyes remained around 27 lx. The participants’

position was standardized, with their right arm lying on a

support at 120� elbow extension. The left arm rested along

the transversal edge of the box. The right acromion fitted

the same transverse plane as the right hand, and both were

aligned with the glass along the anteroposterior axis.

Throughout the session, the participants could not see their

arms/hands (inside or outside the box). Finally, participants

were instructed to maintain their right hand in an anato-

mical configuration congruent with glass grasping, as if

they held a fictitious glass (Natraj et al., 2013).

Procedure

Control and breathing restricted conditions

The participants had to estimate whether they were able to

reach-and-grasp a glass with their right hand if they had to

perform an arm extension without torso anteroposterior

flexion or sagittal rotation, namely from a position allowing

only shoulder and elbow flexion–extension in the trans-

verse plane. It is noteworthy that the length of full arm

extension matched the actual maximal reach-to-grasp per-

formance with those degrees of freedom restrictions.

Nonetheless, participants were not informed that their

arm’s length corresponded to their reaching-to-grasp

capabilities within the experimental restriction paradigm.

Instructions were accompanied by an experimenter’s

demonstration on a table apart from the BIO system. Par-

ticipants were instructed never to extend their arms through

the box, to prevent them receiving any feedback on their

reach-to-grasp capabilities. The glass was a white goblet

with no handle, 8.5-cm high and 7-cm in diameter. It was

positioned on a small invisible trolley in the middle of the

anteroposterior axis of the BIO system, and moved from

one location to the next along the anteroposterior axis by a

wooden stick attached to the small trolley. The inside floor

of the box was draped with a soft, fluffy fabric, and the

trolley was equipped with frictionless slick plastic wheels

so that participants cannot hear the trolley when moving.

The estimation task was performed in control (CTL) and

anxiety (ANX) conditions (see Fig. 1c). For ANX, we

adapted the restricted breathing task used by Graydon et al.

(2012). Participants breathed through a device composed of

a mouthpiece, a 2 mm-diameter pipe and an air outlet

normally used as a baby nasal aspirator (ProRhinel, No-

vartis Pharma SAS, France), while they wore a nose clip

(Nabaiji Pince Nez, Oxylane, Villeneuve-d’Ascq, France)

(see Fig. 1b). Pilot tests identified the optimal strategy to

keep the participants in a high but tolerable restricted

breathing condition (more than 50 points on a discomfort

scale with 0 = ‘‘calm enough to fall asleep’’ and

100 = ‘‘feeling as if they may have a panic attack’’).

Prior to the experimental session, the individuals’ opti-

mal restriction flow was determined from a limit time

procedure. To this end, the air outlet was filled with cotton,

the quantity of which was adjusted in successive trials until

the participants achieved a breathing restricted limit time

between 2 and 3 min while reaching at least a 70 dis-

comfort score. Participants required 2.9 ± 0.6 trials to

reach a 2.34 ± 0.23 min breathing limit time with a

77.1 ± 7.5 breathing discomfort score.

During the experiment, the participants were condi-

tioned by a 1 min breathing restriction before each set of

trials in ANX condition. They were instructed to keep

breathing with the breathing set throughout the ANX trials.

Note that 3-min rests were systematically provided to

participants between every set of trials (ANX and CTL).

Participants were allowed to breath for three inspiration–

expiration cycles outside of the straw each time they

reached 80 points on the discomfort scale in ANX.

Perceptual reach-to-grasp performance

Five CTL and five ANX sets of 30 trials were randomized,

resulting in 300 trials. The experimenter was positioned

behind the BIO system where a trap allowed him to reach

the trolley to adjust position of the glass. Importantly, the

glass position was set while the BIO system was switched
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off and the glass was invisible, keeping participants una-

ware of the glass distance until the BIO system ignition.

Prior to the trial, participants were required to gaze at a red

fixation point displayed at the bottom of the box shown at

eye level. As the experimenter switched on the inner LEDs

of the BIO system, the glass position was visible for

300-ms; then the BIO system switched off. The computer

running Presentation software delivered a sound trigger

1500-ms after the stimuli onset to allow the participants to

verbally report whether yes or no they self-estimate their

ability to reach-and-grasp the glass, and their score on the

breathing discomfort scale. Answers given more than

2200-ms after the end of stimuli delivery were not con-

sidered for data analysis. Eleven answers apportioned be-

tween five volunteers were excluded, i.e., less than 1 % of

the total answers. One trial procedure is depicted in Fig. 2

for illustration purposes. Note that objects potentiating for

functional motor actions (i.e., stable affordance) draw the

visual attention of participants only when cortical regions

involved in visually guided action and planning are acti-

vated (Handy, Grafton, Shroff, Ketay & Gazzaniga, 2003).

In other word, the ‘‘attentional drawing effect’’ facilitates

the motor potentiation for object manipulation by also

drawing the visual attention to the object location. Then no

pre-cue of stimuli apparition was delivered, in order to

magnify the visuomotor transformations elicited by the

glass positions. Participants were nevertheless aware that

about 5–10-s separated the end of one trial to the beginning

of the next one.

The glass positions were presented according to the

constant stimuli method (Kingdom & Prins, 2009). All

potential positions were randomized across 150 trials (i.e.,

5 sets of 30 trials) for both CTL and ANX conditions to

prevent hysteresis and retuning effects (Lopresti-Goodman

et al., 2009; Lopresti-Goodman, Turvey & Frank, 2013;

Mark, 1987; Hirose & Nishio, 2001). Considering the inter-

individual variability of perceptual capabilities (Kanai &

Rees, 2011), ranges of displayed positions were indi-

vidualized to enhance the robustness of the constant stimuli

method (adapted from the recommendations of Kingdom &

Prins, 2009). Thus, two ranges of 15 random positions

(from 70 to 98-cm with a 2-cm discrete step) were

Fig. 1 a The participants’ position was standardized while they stood

in front of our modified BIO system (from Oliveira et al., 2012). b To

induce anxiety, participants had to keep breathing through a

mouthpiece/2-mm pipe/air outlet while they wore a nose clip.

c Perceived Dmax is taken as the maximal distance the participant

judged to be able to reach-and-grasp the glass, and is compared

between the control condition (CTL) and the breathing restriction

condition (ANX)
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presented first. The lowest (highest) value of individual

ranges was determined by subtracting (adding) 12-cm from

(to) the lower (upper) distance at which the participants

reported being (unable) able to reach-and-grasp the glass.

The individual ranges tested during the experimental sets

of trials were 64.1 ± 6.3–99.8 ± 4.8 cm and each stimuli

were presented stimuli 8 ± 0.8 times.

Actual reach-to-grasp performance

At fully extended arm position, the distance between the

right acromion and the fleshy part between the right thumb

and the index was considered as the maximal actual dis-

tance for the reach-to-grasp capability (actual Dmax).

Data analysis and statistics

All data were normally distributed; thus, values are re-

ported as mean ± standard deviation (or standard error)

throughout the text and the figures. Statistical significance

threshold was adjusted to p\ 0.05. Partial eta square (pg
2)

values are reported as measures of the effect size, with

pg
2
C 0.07 and pg

2
C 0.14 considered as moderate and

large effects, respectively (Cohen, 1988).

Breathing discomfort state

Breathing discomfort scores were averaged for each set of

30 trials. Thus, a 2 (condition; ANX vs. CTL) 9 5 (sets of

trials) ANOVA was conducted using the mean discomfort

score [0–100] as the dependent variable.

Perceptual threshold for reach-to-grasp capabilities

The perceived threshold for maximal reach-to-grasp capa-

bilities was defined as perceived Dmax. For each

participant, perceived Dmax was computed by using a

psychometric method. The proportion of positive reach-to-

grasp judgments (y-axis) was plotted as a function of glass

distances (x-axis) and was optimally fitted by a logistic

function of the least-squares method. The perceived Dmax

was defined as the value on the x-axis when the logistic

function reached a proportion of 0.5 (e.g., Guardia et al.,

2010). It was computed as follow:

Answer ¼
1

1þ e�b�ða�positionÞ

where b is the slope of the curve at the point where An-

swer = 0.5, a is the perceived critical glass position (i.e.,

perceived Dmax in cm) with a 0.5 proportion of ‘‘yes’’ re-

sponse, and ‘‘position’’ is the glass position.

Note that individuals’ perceived Dmax in CTL was

considered as the baseline performance of participants. We

assumed that the systematic baseline of over- or underes-

timation, i.e., difference between perceived and actual

reach-to-grasp capabilities, can be derived from indi-

viduals’ inability to account for experimental restrictions

when assessing action capabilities (Fischer, 2000; Graydon

et al., 2012) and/or from individual characteristics, such as

expertise or fitness level (Bhalla & Proffitt, 1999; Higuchi

et al., 2011; Weast, Shockley & Riley, 2011). As a result,

the individual difference between actual Dmax and per-

ceived Dmax in CTL was removed from perceived Dmax in

both CTL and ANX (see Daviaux et al., 2014 for a similar

normalization procedure). Finally, the slope of the psy-

chometric curve (i.e., b in the aforementioned equation) in

CTL and ANX was computed to provide additional infor-

mation about the performance of discriminability of dis-

tances (e.g., Guardia et al., 2010). The shallower the slope,

the weaker the discrimination.

A paired t test was used to compare CTL and ANX in

terms of the perceived Dmax and the slope. The ratio

Fig. 2 Procedure for one trial. This procedure was repeated for 300 trials, i.e., 150 trials in CTL and 150 trials in ANX
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between perceived Dmax ANX and actual Dmax was also

reported to provide an informative estimation of the per-

ceptual accuracy relative to CTL (as the normalization

procedure accounts for a CTL ratio equal to 1).

Results

Breathing discomfort state

The ANOVA revealed a significant main effect of Condi-

tion, with higher discomfort scores for ANX (mean score

70.0 ± 1.68) compared to CTL (mean 10.7 ± 0.7) [F(1,

13) = 526.33, p\ 0.001, pg
2
= 0.976]. No effects of

block [F(4, 10) = 0.640, p = 0.646, pg
2
= 0.204] or

condition 9 sets of trials interaction [F(4, 10) = 1.039,

p = 0.434, pg
2
= 0.294] were found (Fig. 3a, left side).

Perceptual threshold for reach-to-grasp capabilities

Perceived Dmax was significantly lower in ANX condition

(mean 82.4 ± 8.8 cm) compared to CTL (mean

83.6 ± 9.1 cm) in absolute values [t(1,13) = 2.29,

p = 0.038, pg
2
= 0.287]. The mean ratio between per-

ceived and actual Dmax in ANX was 0.98 ± 0.03: par-

ticipants underestimated their reach-to-grasp capabilities in

ANX (Fig. 3a, middle side).

Performance of discrimination

The slope in ANX (mean slope -0.24 ± 0.11) was sig-

nificantly flatter than in CTL (mean slope-0.29 ± 0.10)

[t(1,13) = 5.376, p = 0.037, pg
2
= 0.293]; suggesting that

the discrimination performance is poorer in ANX (Fig. 3a,

right side).

Discussion

This study aimed to investigate the effects of a breath re-

striction task to induce anxiety on the perception of

reaching-to-grasp capabilities, by examining the perceptual

and behavioral performance of participants (perceived and

actual Dmax) in an experimental procedure were the in-

volvement of cognitive strategies was narrowed. In our

new approach, we did not aim at manipulating the time for

stimulus display or the delay to make the ‘yes/no’ decision.

Rather, these experimental features were deliberately fixed

to ensure a standardized involvement of the first stage of

the working memory process, namely the stimuli infor-

mation encoding of stimuli information (Jonides et al.,

2008), between CTL and ANX conditions. We enforced the

duration of stimuli availability to potentiate the action-

specific brain transformation of reaching-to-grasp capa-

bilities, in accordance with neurophysiological studies fo-

cused on the ‘affordance effect’ time course (Franca et al.,

2012; Makris et al., 2011; Proverbio, 2012; Proverbio et al.,

2011).

Underestimated reaching-to-grasp capabilities

As the main result, participants underestimated their

reaching-to-grasp capabilities in ANX condition while the

stimuli availability was limited to a 300-ms time window.

Considering Lopresti-Goodman et al. (2009), ‘‘[…] with

increasing constraints on the perceiving–acting system, the

less likely it is for an individual to engage in analytic

processes and the more likely it is for an individual’s be-

havior to be constrained by the direct detection of affor-

dances’’ (p. 81). The update of perception for action

capabilities from perceptual strategies is thus possible only

in some conditions, namely when the participant ‘has the

opportunity to’ perform it. Considering the current original

experimental design and findings, we argue that par-

ticipants likely had less or no opportunity to engage in

ongoing perceptual strategies while the time for stimuli

availability was sufficient to potentiate the entire visuo-

motor transformation leading to impaired perception.

Moreover, Graydon’s et al. (2012) findings were replicated

in an intra-group comparison. The effect of anxiety is

ascribing to breathing restriction-related changes rather

than a potential initial mismatching of perceived reaching-

to-grasp capabilities between two independent groups.

Consequently, the current findings extend the hypothesis of

conservative estimates of action capabilities by participants

for the affordances in near space, evidencing their vul-

nerability to adverse conditions when matching visual and

sensorimotor information (Daviaux et al., 2014).

Anxiety, visual strategies and working memory load

It is well documented that gaze behavior tendencies and

attentional detection of non-threat-related stimuli are reli-

ably altered when performers are anxious, leading to in-

efficient and often ineffective visual strategies (Eysenck &

Derakshan, 2011; Eysenck, Derakshan, Santos & Galvo,

2007; Janelle, 2002). The amount of information that must

be processed in the same time during the perceptual task

may also alter the working memory capacities (Sweller,

2011) because of a somewhat dual-task situation, i.e., when

participants remained engaged in the breathing task while

they encode the stimuli information. But considering in-

efficiency in gaze behavior, altered attentional detection

and extra working memory load is not entirely satisfactory

from our view. Those altered perceptual features should

have produced a unique, ‘blurry’ perception causing more
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Fig. 3 a Results for statistical analysis of anxiety score (ANOVA

condition 9 set of trials), perceived Dmax and performance of

discrimination (t test Condition). *p\ 0.05, ***p\ 0.001. b Psycho-

metric functions are used to evaluate perceived Dmax in CTL and

ANX. Green areas depict the glass position perceived as graspable in

CTL. In the upper graph, the proportion of positive judgments for

graspability is 100 % in the dark green area and between 50 and

100 % in the light green area. The light green area includes false

negative judgments (i.e., glass position perceived as non-graspable

while it remains closer than CTL perceived Dmax). Inversely, the

orange areas depict glass positions perceived as non-graspable in

CTL. The proportion of positive judgments for graspability is 0 % in

the dark orange area and between 0 and 50 % in the light orange

area. The light green area includes false positive judgments (i.e.,

glass position perceived as graspable while it remains beyond CTL

perceived Dmax). In case of extra attentional load and/or visual

impairment, it is expected that the number of false negative and

positive judgments will be equal, and lead to shallower slope in ANX,

but no changes in perceived Dmax as illustrated in the lower left figure.

However, our results show that perceived Dmax in ANX is smaller

than in CTL, with a shallower slope. It indicates that more false

negative than false positive judgments are reported, as illustrated in

the lower right figure, and indicates a conservative behavior
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variability in answers, that is, more wrong estimates (to

perceive not being able/being able to reach-and-grasp the

glass while the glass was perceived closer to/beyond the

CTL perceived Dmax). This behavioral pattern, classically

encountered in an anxiety state (Janelle, 2002), can be

defined as an erratic behavior that is a non-directional bias

of estimation, unlike conservative behavior. Contrary to

threat-related reach-to-grasp task such as climbing (Pijpers

et al., 2006, 2007), the current participants had no reason

here to engage a systematic, conservative-oriented pro-

cesses from inefficient gaze behavior, altered attentional

detection and extra working memory load.

Did the underestimation reflect a conservative encoding

of visuomotor information?

Participants estimated their reaching-to-grasp capabilities

several times for every glass position due to the discretized

procedure. This procedure assumes that a shallower logistic

regression slope indicates an increase in the variability of

estimates around the (gold standard) perceptual threshold

(Guardia et al., 2010). Since an erratic behavior supposes

the participants will produce more wrong judgments,

whatever the glass position, it should have produced an

equal amount of false negative and false positive estimates.

Such perceptual pattern cannot led to underestimated ca-

pabilities because the shallower slope in ANX can cross the

same transition point as in CTL condition (Fig. 3b, bottom

left). As our findings exhibited a lower transition point, we

can argue that ANX led mostly to more conservative es-

timates, i.e., a larger amount of false negative than false

positive estimates (bottom right Fig. 3b) (Nieuwenhuys &

Oudejans, 2012; Wilson, 2008; Graydon et al., 2012). In

this new methodological paradigm, in which the duration

of stimuli encoding was restricted, altered visuomotor

transformation of reaching-to-grasp capabilities then takes

place beside the major hypothesis formed by the involve-

ment of perceptual strategies traditionally supported to

account for a conservative behavior (Nieuwenhuys et al.,

2008; Nieuwenhuys & Oudejans, 2012; Pijpers et al., 2006,

2007). Indeed, the conservative behavior can also be the

result of a non-intentional, impaired brain representation of

external (i.e., glass position encoded as closer) and/or in-

ternal information (i.e., anthropometric and dynamic fea-

tures of the right upper limb encoded as lower) during the

stimuli encoding in ANX. Indirect evidences slightly sup-

port this assumption in a context where individuals expe-

riencing a distorted representation of their body schema

exhibited impaired perception of their crossing-aperture

capabilities, e.g., in patients with right-sided symptoms of

Parkinson’s disease and individuals experiencing anorexia

nervosa (Guardia et al., 2010, 2012; Lee et al., 2001; Smith

et al., 2011).

Conclusion

Changes in physiological states were found to alter esti-

mates for action by manipulating specific constraints on the

perceiving–acting system. The present work was par-

ticularly focused on the modulation of brain potentiation

for reach-to-grasp capabilities during stimuli presentation,

i.e., whether the cortical visuomotor transformations were

altered during the scaling between the glass distance and

anthropometric/dynamic properties of the participants’

right limb. It notably raises the question whether the (an-

thropometric and dynamic) brain representation of the right

upper limb of the participants might have been altered per

se, to produce a new reference to estimate reaching-to-

grasp capabilities.

The results are in line with the recent findings

evidencing that respiration (as manipulated in a breath-

holding situation) is a critical factor in explaining the link

between specific brain networks, including parietal, pos-

terior midline, and frontal regions, and successful cognitive

performance (Huijbers et al., 2014). Future research on

specific cortical assumptions should provide further neu-

rophysiological support for the failure to update the per-

ception of action capabilities in stressful-inducing

conditions. From a relevant perspective, investigating brain

dynamics using the same original experimental design

while recording electroencephalographic (EEG) activity

should improve our understanding of the underlying inte-

gration of external (i.e., encoding of glass location) or in-

ternal (i.e., the subject’s representation of sensorimotor

state) inputs in stressful conditions.
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Balance characteristics in patients with major depression after
a two-month walking exercise program: A pilot study
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1. Introduction

Psychomotor disorders are more prevalent in depression than

in healthy controls, and are often related to the severity of clinical

state [1]. Numerous studies have described a strong association

between motor disorders and early depressive symptoms (and

associated cognitive decline) [2,3], and this association is

supported by (depressed) state-related balance impairment. For

example, Bolbecker et al. [4] demonstrated impaired balance in

individuals with mood disorders in comparison to healthy controls

(HC), which is often related to deficits in integration of visual and

proprioceptive inputs. These findings are in line with Doumas

et al. [5], who showed greater postural instability in dual-task

performance in patients with major depressive disorder (MDD)

compared to HC.

Depression is commonly treated with antidepressants and/or

psychotherapy, but there is strong evidence that physical activity

improves depressive symptoms in MDD [6,7]. Thus we postulate

that the postural control strategies in MDD might also be positively

modified after a walking program. Recent studies have demon-

strated a key role for center-of-pressure (COP) velocity-based

variables in postural sway in healthy individuals and in patients

with cognitive impairment [8,9]. Specifically, velocity series

appear to be bounded between upper and lower limits, underlining

an intermittent corrective control process. These findings

highlighted new variables of interest, such as the average absolute

maximal velocity (AAMV). On that basis, a better reweighting of

velocity information, revealed by lower AAMV values, might be an
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index of an effective adaptive control process of balance in MDD.

Thus we conducted this nonrandomized clinical study to examine

the effects of a walking program on velocity-based control of

posture.

2. Methods

2.1. Participants

Nine MDD outpatients were compared with twelve age- and

BMI-matched HC (see Table 1 for participants’ characteristics).

Notably, the HC were used as a reference non trained group, formed

of adults living at home. Patients presenting co-morbid psychotic

or addictive disorders were excluded. Only physically inactive

patients were included (IPAQ scores <600). Diagnosis was done by

a clinical interview; all MDD met criteria for a current major

depressive episode [10]. A clinical two-month follow-up moni-

tored the persistence of depression. Patients completed the Beck

Depression Inventory II (BDI) [11] before (t0) and after (t+8weeks) the

walking program. Lastly, patients were taking various combina-

tions of antidepressant and anxiolytic medication (Table 1). No

change of medication occurred during the preceding month or

during the study.

2.2. Protocol

MDD performed two sessions of postural assessment, separated

by eight weeks. Geurts et al. [12] found that balance parameters do

not vary across multiple testing sessions in HC, therefore, the HC

were only assessed at t0. All sessions included postural measure-

ments at 10 a.m. � 30 min, using a Kistler force platform (sampling

frequency of 100 Hz). Each test included four conditions: stance on a

firm surface with eyes open (EO) or eyes closed (EC); stance on a foam

surface (thickness 7 cm) with eyes open (FEO) or eyes closed (FEC).

Participants stood barefoot, with the head in a straight-ahead position

and arms along the body, and focused on a visual reference mark in

front of at a 200 cm distance. Two trials (each of 51.2 s duration) were

performed for each condition. The results were averaged across trials.

2.3. Walking program

The MDD group performed a walking program with one-hour

supervised (by H.V) sessions, three times a week, over two months.

The exercise intensity was based on the Metabolic Equivalent of

Task (MET), where moderate intensity corresponds to a speed

between 4.8 km/h and 5.4 km/h (3.3-3.6 MET). Participants

maintained their walking speed by using a Global Positioning

System. The adherence rate to exercise was 0.66 (�0.27) (patients

averaged 15.84/24 sessions).

2.4. Data analysis

The COP parameters were the mean and standard deviation

(SD) of amplitude, mean velocity and SD of velocity in antero-

posterior (AP) and medio-lateral (ML) directions, and area. The

AAMV was computed from the COP velocity series by extracting

the maximum and minimum values of the series within non-

overlapping windows (of a length of 2 s). Then the absolute values

of these extremes were averaged [8,9].

2.5. Statistics

A Wilcoxon test was used (t0 vs. t+8weeks) for BDI scores. First, a 2

(Group: HC vs. MDD) � 2 (Condition: firm vs. compliant) � 2

(Vision: EO vs. EC) ANOVA was performed. For testing the effect of

the walking program on velocity-based postural control in MDD,

we conducted a doubly-multivariate, 2 (Session: t0 vs. t+8weeks) �2

(Condition) �2 (Vision) repeated measures with time-varying

covariates (i.e., depression symptoms) and then univariate

repeated-measures analyses of covariance (ANCOVAs). Partial

eta square (p
h2) values are reported as measures of effect size, with

large effects considered for p
h2

� 0.14.

3. Results

All statistical results are summarized in Tables 2 and 3. Firstly,

the BDI scores at t0 (mean 24.75 � 11.02) were similar to those at

t+8weeks (mean 19 � 12.31), showing no change in depression severity

after the program [z(8) = 1.52, p = 0.12] (effect size = 0.189). Secondly,

the ANOVA revealed an effect of Group, with altered postural sway in

MDD: higher COP velocity values were systematically found for the

MDD group (Table 2).

The doubly-multivariate ANCOVA revealed significant effects of

Session, Condition and Vision (Table 3). The Session effect

highlights a decrease at t+8weeks in mean velocity [-50.39%], the

SD velocity [ÿ34.90%] or the AAMV [ÿ43.41%]. The univariate

ANCOVAs of COP position variables showed that postural sway

remains similar over time. Rather, significant effects of Session and

Condition were systematically observed for all COP velocity-based

variables.

4. Discussion

Supporting our hypothesis, this study confirmed that a two-

month walking program allows MDD adults to improve their

Table 1

Baseline characteristics of participants according to their diagnostic status (n = 21), and detailed list of scheduled psychotropic medications for major depressive disorder

participants (MDD).

Total Healthy controls (n = 12) MDD (n = 9)

Age (years), mean � SD 51.04 � 8.19 50.41 � 6.93 51.88 � 10.01

Female gender, n (%) 10 (47.61) 5 (41.66) 5 (55.55)

Body Mass Index (kg/m2), mean � SD 25.95 � 4.80 24.6 � 3.75 27.76 � 5.64

Medications (yes), n (%) 9 (42.85) – 9 (100)

MDD Patients Medications

1 Venlafaxine (75 mg) QD, Amitriptyline (25 mg) D, Prazepam (30 mg) TD, Cyamémazine (5 mg) D, Zopiclone (7,5 mg) D

2 Venlafaxine (75 mg) TD, Cyamémazine (5 mg) BID, Alprazolam (1 mg) BID, Naltrexone (50 mg) D

3 Sodic levothyroxine (75 mg) D, Melatonine (25 mg) D

4 Divalproate Sodium (500 mg) BID, Escitalopram (25 mg) D, Venlafaxine (75 mg) BID, Quetiapine (400 mg) D, Loprazolam (1 mg) D

5 Paroxetine (20 mg) D, Amitriptiline (50 mg) D, Alprazolam (0,5 mg) D

6 Fluoxetine (20 mg) BID, Alprazolam (0,25 mg) BID

7 Sertraline (50 mg) BID

8 Divalproate Sodium (500 mg) BID, Clomipramine (75 mg) D

9 Agomelatine (25 mg) BID, Mianserine (30 mg) D, Amoxapine (100 mg) BID, Aripiprazole (10 mg) D, Bromazepam (6 mg) D
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balance by decreasing essentially COP velocity-based parameters.

These findings corroborate current studies showing the high

sensitivity of velocity-based variables for characterizing balance

control in adults with cognitive/mood disorders [8,9]. Additionally,

MDD patients improved their postural responses at t+8weeks for the

most challenging conditions (with foam surface in EC). Therefore,

we argue that a walking program would allow patients to acquire

safe balance even in the case of modified sensory context (for

example, medication use).

Little is known about the neurophysiological mechanisms

underlying the disbalanced control in MDD. Walther et al. [13]

recently found that MDD patients displayed associations between

resting state cerebral blood flow and activity level in the right

orbito-frontal cortex and left supplemental motor area (SMA).

These findings are consistent with the assumption of dopamine

deficiency responsible for the motor retardation in MDD patients

[1]. Against the role of the prefrontal cortex and SMA in human

balance control, physical activity influences brain-related function

and outcomes, through effects on the striatal dopamine system

[14]. Precisely, physical activity benefits behavioral performance in

MDD by increasing the functional activity of monoamines related

to mood (e.g., dopamine, epinephrine/norepinephrine, serotonin)

[15].

In addition to pharmacotherapies and psychological interven-

tions, we support the idea of prescribing an exercise program in

MDD patients as an effective intervention for improving depres-

sion-related psychomotor disorders, such as impaired balance and

fall risks [2,5]. Thus, a balance assessment in the clinical screening

routine might be used as an index of the effectiveness of walking

programs recommended for depressive people. It may also be

Table 2

Analysis of variance results (F values) for the COP measures for the major depressive disorder patients in comparison to healthy controls at t0 (before the walking program).

Note. Factors were Group, G, Condition, C, and Vision, V. Degrees of freedom are shown in parentheses. COP: center of pressure; AP: anteroposterieur; ML: mediolateral.

G C V G � C G � V C � V G � C � V

COP measures (1, 19) (1, 19) (1, 19) (1, 19) (1, 19) (1, 19) (1, 19)

1. COP position-based variables

Mean position_AP (mm) 0.16 0.23 6.75 0.00* 12.37** 0.3 1.53

SD position_AP (mm) 4 118.3*** 58.7*** 2.8 0.3 25.9*** 0.1

Mean position_ML (mm) 1.54 1.07 0.01 0.09 1.03 0.25 0.18

SD position_ML (mm) 11.4** 106.9*** 3.6 2.2 0.1 4.7* 0.6

Area (95% ellipse) 9.92** 71.02*** 10.51** 7.09* 0.02 11.75** 0.58

2. COP velocity-based variables

Mean velocity_AP (mm/s) 20.20*** 36.93*** 26.24*** 0.1 0.82 11.26** 0.19

SD velocity_AP (mm/s) 14.08*** 67.1*** 18.06*** 0.03 2.16 22.08*** 0.16

AAMV_AP (mm/s) 20.44*** 44.78*** 22.79*** 0.26 2.87 13.28** 0.79

Mean velocity_ML (mm/s) 48.83*** 8.8** 0.02 1.24 2.53 0.2 1.67

SD velocity_ML (mm/s) 27.06*** 33.87*** 0.09 0.56 1.91 0.21 1.22

AAMV_ML (mm/s) 41.3*** 18.5*** 0.03 2.28 1.93 0.01 1.146

Significant results are indicated in bold.
* p < 05
** p < .01
*** p < .001.

Table 3

Doubly-multivariate and -univariate analysis of covariance results (main effects of factors) for all the COP measures for the major depressive disorder patients. Note. Factors

were Session, S, Condition, C, and Vision, V. Degrees of freedom are shown in parentheses. COP: center of pressure; AP: anteroposterieur; ML: mediolateral. EO: Eyes open; EC:

Eyes closed. p
h2: partial eta squared. Significant results are indicated in bold.

Factors effects F values p-value p
h2

Session (t0 vs. t+8weeks) 18.160 0.000 0.819

Condition (firm vs. compliant) 21.797 0.000 0.845

Vision (EO vs. EC) 5.952 0.000 0.598

Session � Condition 2.188 0.033 0.354

Session � Vision 0.875 0.570 0.180

Condition � Vision 3.725 0.001 0.482

Session � Condition � Vision 0.658 0.769 0.141

Time-varying covariates (depression symptoms)

Pre-BDI scores 1.837 0.076 0.315

Post-BDI scores 2.387 0.020 0.374

Univariate ANCOVA

p-value (p
h2)

Session (t0 vs. t+8weeks) Condition

(firm vs. compliant)

Vision (EO vs. EC) Covariant

Pre-BDI scores

Covariant

Post-BDI scores

COP measures

1. COP position-based variables

Mean position_AP (mm) 0.542 (0.007) 0.248 (0.025) 0.454 (0.010) 0.519 (0.008) 0.133 (0.041)

SD position_AP (mm) 0.140 (0.040) 0.000 (0.732) 0.000 (0.362) 0.193 (0.031) 0.637 (0.004)

Mean position_ML (mm) 0.030 (0.084) 0.435 (0.011) 0.533 (0.007) 0.484 (0.009) 0.248 (0.025)

SD position_ML (mm) 0.882 (0.000) 0.000 (0.405) 0.015 (0.105) 0.001 (0.176) 0.876 (0.000)

Area (95% ellipse) 0.827 (0.001) 0.000 (0.433) 0.001 (0.179) 0.036 (0.079) 0.667 (0.003)

2. COP velocity-based variables

Mean velocity_AP (mm/s) 0.000 (0.335) 0.000 (0.409) 0.001 (0.197) 0.806 (0.001) 0.001 (0.191)

SD velocity_AP (mm/s) 0.000 (0.240) 0.000 (0.396) 0.004 (0.142) 0.005 (0.140) 0.014 (0.107)

AAMV_AP (mm/s) 0.000 (0.334) 0.000 (0.356) 0.013 (0.110) 0.009 (0.120) 0.040 (0.076)

Mean velocity_ML (mm/s) 0.000 (0.442) 0.003 (0.151) 0.819 (0.001) 0.543 (0.007) 0.023 (0.092)

SD velocity_ML (mm/s) 0.000 (0.375) 0.017 (0.101) 0.936 (0.000) 0.001 (0.176) 0.075 (0.057)

AAMV_ML (mm/s) 0.000 (0.484) 0.006 (0.132) 0.998 (0.000) 0.003 (0.156) 0.074 (0.058)
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possible that these COP-velocity variables could be a relevant

hallmark of depressive disorder; however, these two points require

further investigation in larger population.
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Abstract

Physiological aging leads to a progressive weakening of muscles and tendons,

thereby disturbing the ability to control postural balance and consequently

increasing exposure to the risks of falls. Here, we introduce a simple and easy-

to-use neuromuscular electrical stimulation (NMES) training paradigm

designed to alleviate the postural control deficit in the elderly, the first hall-

marks of which present as functional impairment. Nine pre-frail older women

living in a long-term care facility performed 4 weeks of NMES training on

their plantarflexor muscles, and seven nontrained, non-frail older women liv-

ing at home participated in this study as controls. Participants were asked to

perform maximal voluntary contractions (MVC) during isometric plantarflex-

ion in a lying position. Musculo-tendinous (MT) stiffness was assessed before

and after the NMES training by measuring the displacement of the MT junc-

tion and related tendon force during MVC. In a standing position, the limit

of stability (LoS) performance was determined through the maximal forward

displacement of the center of foot pressure, and related postural sway parame-

ters were computed around the LoS time gap, a high force requiring task. The

NMES training induced an increase in MVC, MT stiffness, and LoS. It signifi-

cantly changed the dynamics of postural balance as a function of the tendon

property changes. The study outcomes, together with a multivariate analysis

of investigated variables, highlighted the benefits of NMES as a potential tool

in combating neuromuscular weakening in the elderly. The presented train-

ing-based strategy is valuable in alleviating some of the adverse functional

consequences of aging by directly acting on intrinsic biomechanical and mus-

cular properties whose improvements are immediately transferable into a

functional context.

Introduction

Sarcopenia is a common aging process that leads to a set

of neuromuscular alterations, which contribute to the

reduction in functional capacities and autonomy levels

(Hill 2001; Wroblewski et al. 2011; Rom et al. 2012). The

recent definition of sarcopenia (Report of the European

Working Group on Sarcopenia in Older People 2010) in

relation to age suggests not only a decline in muscle mass

(Rosenberg 1997) but also a decline in muscle functions
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(i.e., the force, the force control, and the force transmis-

sion) that disturb balance and motor control. The sar-

copenia process is known to particularly affect muscles

that are strongly involved in postural control, such as the

knee and ankle extensor muscles (i.e., quadriceps and tri-

ceps surae muscles).

Triceps surae and postural control

The triceps surae (TS) is of paramount importance for

the control of standing and walking (Sutherland et al.

1980; Schieppati et al. 1994; Loram et al. 2004). Its acti-

vation leads to ankle extension (or plantarflexion [PF])

and therefore to the forward displacement of the center

of plantar pressure (CoP) within the base of support

(BoS) (Winter 1995; Loram et al. 2004). Consequently, it

plays a central role in the adjustment of the anteroposte-

rior (A-P) position of CoP, depending on the actual A-P

position of the center of mass (CoM), in order to main-

tain the postural balance. In contrast, it can also generate

a mismatch between the A-P position of CoP and CoM

to create an imbalance or initiate movement, for example,

during a body-reaching task or the transition from stand-

ing to walking (Winter 1995; Polcyn et al. 1998; Stapley

et al. 2000).

In this context, the ability to fully and accurately mobi-

lize CoP within BoS is conditioned by the torque pro-

duced by the muscles crossing the joint and their force

transmission to the external environment through the

tendon (Winter et al. 1998; Loram et al. 2004; Onambele

et al. 2006; Melzer et al. 2009) from a strictly biomechan-

ical point of view. Any alteration in these properties

(force and transmission of force) could lead to adverse

changes in postural balance in older adults (Onambele

et al. 2006; Billot et al. 2010; Sarabon et al. 2013) and

increase the risk of a fall.

Postural control disorders with aging

Aging is associated with a decline in postural balance

(Maki et al. 1994; Horak 2006) and in the control

required for reaching, tilting, or goal-directed movements

starting from a standing position (Darling et al. 1989;

Paizis et al. 2008), which results in a greater likelihood of

falls (Nachreiner et al. 2007; Robinovitch et al. 2013).

Yet, the ability to amply move and finely control the

position of CoP within the BoS is a prerequisite for per-

forming daily movements, such as using a step or stool to

reach higher places or stoop to pick up an object from

the floor (Melzer et al. 2009). This capacity can be

assessed by measuring the forward limit of stability (LoS),

which is also reduced with aging (Cavanaugh et al. 1999;

Kozak et al. 2003). Melzer et al. (2009) have shown that

the reduction in the distance covered by CoP during a

forward LoS task in older people is explained by a lack of

force of the plantarflexor muscles (TS). This could

explain, at least in part, falls that occur during dynamical

reaching tasks. This point is consistent with the authors’

suggestion that the training of TS among older people

should be considered in long-term-targeted fall-preven-

tion programs.

Neuromuscular damages with aging and

activity-dependent plasticity

Physiological aging induces several musculo-tendinous

(MT) damages, which can dramatically affect motor skills,

including controlling postural balance (e.g., Lexell et al.

1983; Onambele et al. 2006; Lichtwark and Wilson 2008).

The consequences of the overall damage can be summa-

rized through three main outcomes: a reduction in the

maximal force production (1), a decrease in fine control

of force (2), and a lack of efficiency in force transmission

from the muscle to the external environment through the

tendon (3). The translation of these points is evidenced

particularly by sarcopenia (Doherty 2003; Narici and Maf-

fulli 2010) and by an increase in MT compliance (Lexell

et al. 1983; Onambele et al. 2006; Narici et al. 2008). Sev-

eral studies have demonstrated the exacerbated age-

dependent MT damage in TS muscle (Simoneau et al.

2005; Onambele et al. 2006). These adverse effects can be

slowed down by maintaining a sufficient level of physical

activity (Hill 2001; Wroblewski et al. 2011) or through

the physical therapy training protocols involving volun-

tary muscle contraction (Ferri et al. 2003; Simoneau et al.

2007). However, even if the activity-dependent muscle

plasticity is still effective despite age (Hill 2001; Wrob-

lewski et al. 2011), several constraints, which complicate

the implementation of the muscle training protocol, must

be considered to make it effective.

Neuromuscular electrical stimulation in

older adults

From a practical point of view, the physical training that

targets the recovery of the muscle capacity requires the

supervision of a qualified person and several appropriate

devices that are space-consuming, expensive and, for most

of them, joint-specific. From a clinical point of view, the

use of these devices also requires dynamic muscular con-

tractions, which may be unsuitable for people suffering

from joint disorders. The neuromuscular electrical stimu-

lation (NMES) method which is increasingly used by

physiotherapists (de Oliveira Melo et al. 2013; Papado-

poulos et al. 2013) enables to alleviate these aforemen-

tioned constraints and can be performed at home,
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provided specific cautionary advice is given (Quittan et al.

2001).

Depending on the characteristics of the training pro-

gram, NMES has identical or even greater benefits com-

pared to voluntary muscle training (Maffiuletti 2010). For

example, as pointed out by the author, when compared

to voluntary training and conventional rehabilitation pro-

cedures, NMES (regardless of whether it is combined with

voluntary exercise) is more effective in preserving muscle

function during a phase of reduced activity/immobiliza-

tion (Bax et al. 2005; Vivodtzev et al. 2006; Glinsky et al.

2007) and is equally effective in recovering muscle func-

tion after an immobilization period (Bax et al. 2005).

Although the muscle structure and functional gains gener-

ated by NMES are largely described in healthy individuals

and some pathological conditions, such as cardiac disease

or people with chronic obstructive pulmonary disorder

(for a review, see Maffiuletti 2010), only a few studies

have investigated this technique in older people (Cag-

giano et al. 1994; Amiridis et al. 2005; Paillard et al.

2005; Kern et al. 2014). Furthermore, the effect of NMES

on the muscle-tendon properties remains poorly docu-

mented in all populations. A recent study by Gorgey and

Khalil (2015) has shown preliminary results on a small

group comprising four spinal cord injured individuals,

who were trained with a 30 Hz NMES protocol on knee

extensor muscles over 12 weeks. The training leads to a

nonsignificant increase in cross-sectional area of the patel-

lar tendon (+8%, P = 0.14). Another study by Grosset

et al. (2014) has shown that 4 weeks of high-frequency

NMES training in TS muscle of young sedentary partici-

pants induced positive changes in the contractile and elas-

tic properties of the muscle-tendon complex. They

hypothesized that a fiber-type transition to fast fibers is a

more likely scenario compared to slow fibers without any

change in passive (i.e., tendon) stiffness. Nevertheless,

fiber-type transition toward faster fiber type after NMES

still requires clarification as some results were in agree-

ment with those previous findings (Perez et al. 2002; Kern

et al. 2014) whereas others showed a fiber-type transition

toward slower fibers (Maffiuletti et al. 2006; Gondin et al.

2011). Finally, Grosset et al. (2014) suggested that high-

frequency NMES training could lead to functional

changes of particular interest in older adults. It is known

that the stiffness of the muscle-tendon complex involved

in the transmission of forces between the skeleton and

muscles is related to the activation of proprioceptive

organs during sudden stretching or significant postural

sway (Woollacott et al. 1986). This point is in line with

the onset latency of the postural TS muscle noted in

response to a body sway in older adults when compared

to younger adults, suggesting a longer proprioceptive pro-

cessing time (Amiridis et al. 2005).

Most of the time, the NMES training is passive without

voluntary participation. Contrary to voluntary muscle

training where postural balance control is required, the

NMES training is widely conducted in a sitting or lying

position with very low involvement of postural control.

However, it is still unclear whether the NMES-trained

participants can take full advantage of expected improve-

ments in muscle-tendon properties during ecological situ-

ations where the postural balance is engaged.

Study aims and experimental setup

The present study targeted pre-frail people recently

admitted to a long-term care facility. Due to their envi-

ronmental changes and the related full daily life assis-

tance, this population is of particular interest, as the

transitional period potentially leads to a loss of auton-

omy, which is a hallmark of impairment in motor-bal-

ance control.

This study aimed to (1) evaluate the potential MT

changes and the associated postural control improvement

induced by NMES training in pre-frail older adults, (2)

evaluate the ability of NMES-trained participants to trans-

fer the force and force transmission gains into functional

performance through a challenging postural task and

finally, (3) determine whether these systemic changes

affect the postural sway in a demanding low-force stand-

ing task.

Two main experimental setups were designed to meet

this aim. First, the force level and force transmission

characteristics of the trained muscle were assessed during

maximal voluntary contraction (MVC) of the subject in

lying position. This measure was achieved with an

ergometer synchronized to an ultrasonography device.

Second, in standing position, the dynamic behavior of

CoP was assessed during two different tasks: bipedal

quiet standing and LoS. For all measurements, the per-

formance of the NMES-trained group was compared

before and after the training period, with a reference

nontrained group comprising non-frail older adults liv-

ing at home.

Methods

Population

Sixteen older women took part in the study. Nine of

them who resided in a long-term care facility (mean age

82.2 ! 4.4 years old, mean body size 1.56 ! 0.1 m, mean

body weight 66.7 ! 12.5 kg) followed the NMES training

(NMES group). The reference group (i.e., without NMES

training) comprised seven older women (mean age

74 ! 4.6 years old, mean body size 1.6 ! 0.07 m, body
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weight 67.7 ! 6.1 kg) who were living at home and per-

formed only the pre- and post-session tests.

None of the participants had previous experience with

the NMES training protocol, experienced a fall, or exhib-

ited significant cardiac, neurological, cognitive or mus-

culo-skeletal impairments. All of them were fully

autonomous in their daily activities, as evidenced by the

Katz score: 6/6 for all enrolled participants (Katz et al.

1970). All participants reported normal or corrected to

normal vision (e.g., glasses, contact lenses).

In the framework of this study, participants in the

NMES (institutionalized) group were considered as pre-

frail older adults based on their autonomy level, and they

showed a strong reduction in the execution speed of

functional tasks in comparison to the reference group

(Timed Up and Go test performance = 5.3 ! 1.1 sec vs.

12.6 ! 6.7 sec for NMES group and control group,

respectively, u(14) = 3.33, P = 0.0009). Since the refer-

ence group comprised younger individuals with a supe-

rior functional status (significantly higher score at the

Timed Up and Go test) and a different lifestyle (living at

home) compared to the NMES group, their reported per-

formances were not considered as control values but as

reference values in this study. Written informed consent

was obtained for each participant, and the studies con-

formed to the standards set by the latest revision of the

Declaration of Helsinki. The procedure was approved by

the local geriatric ethics committee of the hospital of

Beaune-21200, France.

Experimental design

On day 0, all participants completed the evaluation session

(pre-session) (Fig. 1), which consisted of a full set of tests,

including isometric maximal effort and the assessment of

postural sways during LoS and quiet standing. Then, the

NMES group underwent the NMES training program

involving 12 sessions conducted three times per week for

4 weeks (Fig. 1). In the meantime, during this training per-

iod, the reference group continued with their habitual life

without performing any specific physical training. Overall,

35 days after the pre-session, all participants completed the

second, identical evaluation session (post-session).

Neuromuscular electrical stimulation

training

No specific muscle training protocol was performed at

least 3 months prior to the inclusion date. Training ses-

sions were conducted in the sitting position to avoid pain

or discomfort, and to prevent unexpected muscle fatigue

that may result from the adoption of an unusual muscle

position. Additionally, the sitting position facilitated

interaction with the experimenters. Ankle, knee, and hip

joints were fixed at 90° by an adjustable strap that main-

tains the position of the entire lower limb during the

Figure 1. Experimental design. All of the enrolled participants

were older than 70 years old and still fully autonomous (maximal

score to Katz test), but NMES-trained participants had a lower

performance on the functional “Timed-up and Go” test in

comparison to their nontrained counterparts who constituted the

reference group. Thirty-five days separated the two evaluation

sessions. The main objectives of the evaluation sessions were the

assessment of some intrinsic muscle and tendon properties during

maximal voluntary contractions as well as the postural control

characteristics during a challenging and quiet standing task. NMES

training comprised two evaluation sessions conducted three times

per week for 4 weeks. NMES-trained participants performed the

training in sitting position, with the ankle, knee, and hip joints at

90°. The legs remained fixed by an adjustable belt that guaranteed

isometric contraction of stimulated muscles.
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activation of TS muscle (Fig. 1). Self-adhesive electrodes

were placed on each leg with two cathodes

(5 cm 9 5 cm) with membrane-depolarizing properties

positioned over the superficial aspect of soleus (SOL)

muscle about 5 cm in distance from where the two heads

of gastrocnemii join the Achilles tendon. The anode

(10 cm 9 5 cm) was placed along the middorsal line of

shank, over both medial and lateral gastrocnemii. As used

and described by Gondin et al. (2006), this configuration

allowed coverage of the entire TS muscle (Fig. 1).

The NMES sessions were performed with the Energy

Compex" device, and they consisted of 25 min of proper

training with trains of stimulation (4 sec “ON” separated

by 12 sec of rest, rectangular-wave pulsed currents lasting

350 lsec delivered at 100 Hz) that generated a hundred

isometric contractions of the targeted muscle. For each

training session and each participant, the starting stimula-

tion intensity was set as the lowest intensity eliciting

movement at the ankle joint, which was visually detected

by a clear elevation of the knee when the participants

were in the sitting position. Then the aforementioned

adjustable strap was attached to the participant and the

training started with a stimulation intensity which was

reassessed every 2 min to reach the maximum tolerance

threshold without causing any uncomfortable sensation,

as described by the physical therapists (see Maffiuletti

2010). The 95% confidence intervals for the full-sample

stimulation intensities were between 50 mA and 90 mA.

This large range is explained by the interindividual vari-

ability in sensitivity thresholds. There was 100% compli-

ance by each participant from the NMES group during

the entire training session.

Torque, EMG assessments, and related data

processing

Similar to Duclay et al. (2009), the participants laid prone

on a test bench with their knee joints at full extension

A

B C D

Figure 2. Method overview for the extraction of studied neuromuscular outcomes. Participants were lying prone and performed a progressive

maximal voluntary contraction (MVC) in isometric plantarflexion (MVC marked by the blue “100%” line). (A) EMG activities of triceps surae (TS)

muscles (GM, GL, and SOL) were recorded together with the main antagonist muscle (TA) and the net torque at ankle joint. (B) Relation between

EMG activities of TS muscles and torque developed during plantar flexion. EMG activities were obtained from the sum of the RMS of each three

TS muscles during 250 msec around the time points corresponding to 25%, 50%, 75%, and 100% of MVCpre during the ascendant part of the

contraction (1). The EMG / Torque relation is presented for a NMES participant at pre- (purple line) and post- (pink line) evaluation sessions. The

plotted histogram shows the overall result in terms of the mean slope for both groups at both sessions. (C, D) Histograms of MVC in isometric

plantarflexion (C) and root mean square (RMS) of EMG activities of the three TS muscles (D). #P < 0.05; ## and **P < 0.01.
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and ankle joints at 90° (Fig. 2A). Measurements were

made on the right foot, which was attached to the foot-

plate of an ergometer (model OMF06M, OMICRO’N,

Gambais, France). The rotation axis of the device was

aligned with the anatomical ankle flexion–extension axis.

After 2 min of muscular warm-up, the participants were

instructed to gradually increasing their force from resting

state to MVC within 4 sec to reach a plateau of maximal

torque (Fig. 2A). A visual feedback of the developed tor-

que was displayed in real time to help the participants

appreciate their performance and to motivate them to

deliver a true maximal effort (Fig. 2A). The task was

repeated four times per participant, with 1 min rest

between each attempt. The best attempt (i.e., the one

showing the highest MVC) was selected for the subse-

quent data processing (Fig. 2B).

To assess the contribution of neural versus peripheral

factors during potential muscle force gain (Moritani and

de Vries 1979), EMG activity was also collected during

the gradually increasing force task. EMG activities from

the TS were recorded by means of 10-mm diameter sil-

ver-chloride surface electrode, with an interelectrode dis-

tance of 25 mm. The pair of electrodes for the SOL

muscle was placed on the middorsal line of the leg, 5 cm

below the MT junction of TS. For the gastrocnemius

medialis (GM) and gastrocnemius lateralis (GL) muscles,

the electrodes were fixed lengthwise over the middle of

the muscle belly, following the European Recommenda-

tions for Surface Electromyography. The EMG activity of

the main plantarflexor antagonist muscle, that is, the tib-

ialis anterior (TA) muscle, was recorded during both PF

efforts and dorsiflexion efforts (MVC tasks) in order to

visualize and compute the coactivation level. The TA

EMG electrodes were placed on the line at 1/3 distance

between the tip of the fibula and the tip of the medial

malleolus.

Torques and EMG signals were concurrently acquired

at a sampling frequency of 5 kHz and processed with a

multichannel analogue–digital converter (Biopac Systems

Inc., Goleta, CA). TS EMG activities during PF were

quantified using the root mean square (RMS) of the pro-

cessed EMG signals of SOL, GM, and GL independently

(Fig. 2D) and together (sum, Fig. 2B). The RMS values

were calculated over a 250 msec period (i.e., 125 msec

before and 125 msec after a defined time) at different

time points during the gradually increasing force task, at

pre-session maximal torque (100% MVCpre): 25%

MVCpre, 50% MVCpre, 75% MVCpre, and post-session

maximal torque (100% MVCpost).

For each of these time points, the RMS was plotted for

the entire TS as a function of the related torque, and a

linear regression was computed (Fig. 2B). The change in

the slope properties of the linear regression offered a way

to discriminate between contributions from neural (up-

stream to neuromuscular junction) versus peripheral fac-

tors (downstream to neuromuscular junction) in order to

reveal the potential mechanisms underlying the force gain

change following the training period (Moritani and de

Vries 1979).

Musculo-tendinous behavior and related

data processing

During the aforementioned force task, the displacement

of the MT junction was assessed with a 7.5 MHz linear-

array B-mode probe (Esaote Biomedica", AU5, Firenze,

Italy). As described by Duclay et al. (2009), MT junction

displacement was measured by tracking the displacement

of GM during gradual isometric PF contraction (Fig. 3A

and B). Tendon elongation was determined as the dis-

tance covered by the MT junction from rest to MVC rela-

tive to an external marker placed on skin (Fig. 3A and

B). Tendon elongation was assessed for different torques,

ranging from 10% to 100% MVC during the pre-session

(MVCpre) with an increment of 10%, and one supple-

mentary measure was included during the post-session

(100% MVCpost).

Tendon force was calculated by dividing the externally

measured moment by the moment arm of tendon (set

at 0.05 m, which corresponds to the mean value of

Achilles tendon moment arm for an ankle joint fixed at

90°). MT stiffness was calculated at high contraction (at

100% MVCpre) by dividing tendon force by tendon

elongation. The average relationships between tendon

elongation and tendon force are presented in Figure 3C

and D.

LoS assessment and related data processing

As defined by Melzer et al. (2009), LoS can be described

as the maximal A-P distance a person can intentionally

displace the projection of his CoM within the BoS by

leaning his body in a given direction without losing bal-

ance, stepping, or grasping. The participants were asked

to lean as much as possible toward the anterior BoS

boundary by tilting their entire body in the forward

direction while keeping their arms along the trunk and

their hip joints open without moving their feet. Two

experimenters validated the participants’ behavior during

the habituation trials. The capacity of the participants to

correctly perform the task was tested through kinematic,

kinetic, and EMG evidence obtained from representative

participants from both studied group (Fig. 4). Inappro-

priate movement (no forward movement of CoM, strong

hip flexion, and no activation of ankle extensor muscles,

or when making a step forward) performed by a young
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non-frail individual during the first spontaneous trial

was corrected through demonstration in Figure 4. This

latter illustrates that older adults from both studied

groups were fully capable of properly performing the

LoS task.

Each trial started with 5 ! 2 sec of quiet standing, fol-

lowed by 25 ! 5 sec with two to four maximal LoS

attempts. No strict rhythmic tilting was imposed on the

participants in order to record their spontaneous dynamic

postural behavior. Three valid trials (correct kinematic

behavior and without moving feet) per participant were

selected for the data analysis.

The CoP trajectories were recorded using a force plat-

form. The maximal forward position of CoP (CoPmax) for

each trial was used to calculate the forward LoS, that is,

the A-P distance from ankle axis to CoPmax (Fig. 5A–C).

To compare individuals with different height and feet

sizes, LoS has been expressed as the percentage of BoS

length, that is, the distance between anterior- and poste-

rior boundaries (King et al. 1994; Schieppati et al. 1994).

To quantify the behavior of postural sways closed to

CoPmax, the A-P speed of CoP has been calculated by

deriving the A-P CoP position 2 sec prior and 2 sec after

CoPmax. Representation of CoP speed through a color

code enables easy visualization of the sway behavior

(Fig. 5E and F). Mean frequency, mean amplitude, and

amplitude variability were calculated from two time win-

dows over the 2 sec prior to the CoPmax and the 2 sec

after CoPmax. Moreover, this 2 + 2 sec corresponded to

the observed minimal time to complete the full backward

and forward movement of the tilting task among all

recorded attempts.

A B

C D

Figure 3. Evolution of musculotendinous junction properties. (A) Ultrasound images of musculotendinous (MT) junction elongation of the TS

muscle during maximal voluntary contraction (MVC) in isometric plantarflexion for one participant of each group at both evaluation sessions.

During MVC, the displacement of MT junction (white arrow) moves proximally, following the separation line between GM and SOL muscles

(blue dashed line) (A, B). For the reference participant, the MT junction elongation for the same effort was not reduced at the post-session

(white-blue arrow), and it clearly declined for the NMES-trained participant (A). (C) The mean relationship of tendon force/tendon elongation

for each group at both evaluation sessions. The two relations are overlapping for the reference group. A reduction in elongation appears for

high force values in the NMES-trained group. (D) Histogram of MT stiffness showing a strong increase for the trained group following NMES

training, reducing the initial difference. #P < 0.05; ** and ##P < 0.01.
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The torque generated at the right ankle when reaching

CoPmax was computed by integrating the vertical offset

from the forceplate level and the ankle joint level. Then,

the index of used force (IUF), that is, the index of force

developed during standing compared to the intrinsic per-

formance, was calculated as the ratio of torque at CoPmax

and MVC during prone position for the corresponding

evaluation session.

Quiet standing assessment and related data

processing

Participants were asked to stand quietly and barefoot

with eyes open. They were instructed to look straight

ahead with the arms alongside their body and stare at

a visual reference mark placed at a 2 m distance in

front of them. Each foot was positioned on the force

A

B

C

Figure 4. Kinematic (A, B), kinetic (B), and electromyographic (C) illustration of maximal limit of stability (LoS) task performed by a young

individual and two elderly participants (non-frail and pre-frail). Three trials are presented for the young individual (grey panel) to better identify

the hallmarks of a wrong versus a correct behavior. The trial on the left shows a hip flexion leading to a backward displacement of the center

of mass (CoM) (i.e., opposite to expected direction) and absence of activation of targeted muscles (TS muscles). In the second trial, the subject

did a step at the end of the attempt because CoM position has exceeded the LoS. The last trial of the young individual displays the correct

behavior: CoM and center of pressure (CoP) are moving forward, with an isolated motion of ankle angle (hip and knee joint angle remain

fixed) and an activation of the targeted muscles without significant co-contraction (silent TA). The two trials on the right show that both non-

frail and pre-frail elderly participants were able to perform the task by respecting the afore-described kinematic, kinetic, and EMG hallmarks of

the correct behavior.
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plate (sampling frequency of 40 Hz), such that the dis-

tance between the medial side of the heels was 8.4 cm

with an external rotation angle of 9°. The postural test

consisted of three 30 sec trials with this quiet stance.

For both A-P and M-L directions, three CoP variables

were considered to describe the orthostatic postural

control performance. The maximal range of CoP displace-

ments indicated the maximal excursion of CoP in any

direction. The speed of CoP displacements was calculated

as the sum of the scalar displacements (i.e., cumulated

A

B

C

D

F

G

E

Figure 5. Limit of stability (LoS) task and data processing. (A) Illustration of the task from initial position to maximal forward tilt. From a

bipedal standing position, participants were asked to reach and stay at the LoS in forward direction during approximately 30 sec. (B)

Trajectory of the center of pressure (CoP) within the base of support during the task. For the presented trial, the maximal forward

position of CoP was reached at the second sway (#2). (C) Anteroposterior (AP) position of CoP overtime. (D, G) Histogram representation

of the extracted variables for each group and for both evaluation sessions: LoS (D) and the others computed CoP parameters 2 sec prior

to reaching the LoS (G). (E) Analysis of AP CoP speed focused on 2 sec prior revealed the instantaneous speed and CoP sway frequency

(color changes from blue to brown and inversely), with arrows indicating changes in the direction of postural sways. (F) Color code

representation of the AP speed of CoP during the 2 sec time window prior to the LoS for one representative participant of each group.

While the overall behavior seemed unchanged for the reference participant, a clear increase in maximal speed and frequency emerged for

the NMES-trained participant. * and #P < 0.05; ** and ##P < 0.01.
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distance over the period of interest) divided by the sam-

pling time. This measure has been shown to represent a key

variable in the maintenance of postural stability, thereby

providing essential functional information about the true

nature of postural control in older adults (Maki et al. 1990;

Deschamps et al. 2013).

Statistics

Nonparametric tests have been used to compare all the

samples for each variable. Mann–Whitney tests were

applied for the intergroup comparison (*P < 0.05,

**P < 0.01, ***P > 0.001) and Wilcoxon signed-rank

A

B

C

Figure 6. (A, B) Model highlighting the main neuromuscular and biomechanical elements involved in control of posture during forward body

tilting, as discussed in the study. On the left side, the targeted muscles (GL, GM, and SOL) are represented with their tendon unit and their

connections to the central nervous system through sensory and motor nervous fibers. On the right side, the overall body is sketched as an

inverted pendulum with its center of mass (CoM) that oscillates around ankle joint. GL, GM, and SOL muscles are grouped together, forming

the triceps surae (TS) complex, which is modeled by a contractile element and an elastic component in parallel while TS tendon is represented

by a series of elastic components linked to the foot. Red arrows indicate the different sites affected by physiological aging: (1) neural

descending pathway, including motoneurons, (2) muscle structures of TS muscle, (3) sensory pathway from Golgi Tendon Organ, (4) elastic

components of muscle-tendon unit, (5) contractile component of the TS muscle, (6) maximal limit of stability of CoM and the related projected

area within the base of support (LoS), and (7) dynamic reactivity to move center of pressure to correct postural tilting. Green arrows point to

the elements that improved after the NMES training from the analyzed statistical results. Blue arrows show the potentially improved elements,

which have to be corroborated with the quantified results. (C) Multivariate analysis was performed on the collected variables, including all of

the studied components, to provide an overall vision of the evolution of each studied group. The correlation matrix of the 16 raw variables to

be used in principal component analysis is presented. The histogram of loading factors represents the correlation of each variable with the

corresponding principal component (PC). The two first PCs together explain 50.8% of the total variance. On the bottom part of panel C, the

overall results of PCA in the 2-D space are defined by the two first PCs. Performances of all participants are clustered in ellipsoid surfaces

according to their group and evaluation session. While for reference group, pre and post surfaces are overlapping, the surface of the NMES

group significantly moved toward the area of the reference group, which provides visual and quantified evidence that NMES training reduces

the difference between the pre-frail group and the reference group. * and #P < 0.05; ##P < 0.01; ***P < 0.001.
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tests were applied for the paired samples comparison

(#P < 0.05, ##P < 0.01, ###P > 0.001).

Principal component analysis

To offer an overall vision of the evolution of pre-frail

group in response to the NMES training and in compar-

ison to reference group, we implemented a multistep sta-

tistical procedure based on principal component analysis

(PCA). We applied the methodology described in several

studies, both in animal and human beings, which used

PCA on a database comprising various biomechanical and

neurophysiological variables (van den Brand et al. 2012;

Mignardot et al. 2014). Briefly, PCA allowed the extrac-

tion of the most relevant information from the initial

data by generating new, independent variables called prin-

cipal components (PC). Each PC is a linear combination

of the original variables that maximizes the amount of

explained variance for each successive PC. The loading

factors refer to the computed correlations between each

selected PC and each variable. The performances (PC

score, Fig. 6C) of each participant were clustered accord-

ing to her group and to the evaluation session at the

ellipsoid surface in a 2-D space constructed of the first

two PCs. Thus, the above-described statistical analyses

were applied to both selected PCs.

The performance of all participants at both time points

and for each of the 16 variables used for the PCA has

been plotted in scatter plots in Figure S1.

Results

Torque and EMG performances in prone

position

The analysis of MVC revealed a difference between groups

at pre-session (P = 0.005), which was mitigated at post-ses-

sion (P = 0.21). In comparison to the reference group that

showed no change in performance (P = 0.47), the pre-frail

group demonstrated an improvement in MVC after NMES

training (30.5 ! 12.5 vs. 41.3 ! 12.8 Nm, i.e. +26.2%,

P = 0.039, Fig. 2C, Tables 1, 2). This result can be linked

to their stronger EMG activity of their GM and SOL mus-

cles (Fig. 2D, Tables 1, 2) and the reduction in the slope of

the linear regression between EMG activity and torque

(14.6 ! 1.4 vs. 12.8 ! 1.8, P = 0.027, Fig. 2B, Tables 1, 2).

Table 1. Mean value with standard deviation of all the variables used for the Principal Component Analysis and their outcomes in terms of

loading factors on PC1 and PC2 for both groups and both time points.

Variables Number

NMES trained Reference

Loading factors

(PCA)

Pre Post Pre Post PC1 PC2

Neuromuscular performance (lying)

Isometric MVC (Nm) 1 30.5 ! 12.4 41.3 ! 12.8 54.6 ! 18.9 55.2 ! 17.8 "0.80 0.18

Regression slope – Torque versus EMG 2 14.6 ! 1.4 12.8 ! 1.8 10.8 ! 1.7 11.5 ! 1.9 "0.01 "0.44

MT stiffness index (N mm"1) 3 27.8 ! 7.3 49.5 ! 21.9 56.9 ! 21.7 50.9 ! 20.2 "0.75 0.25

Limit of stability task (standing)

Limit of stability, LoS (% BoS length) 4 23.1 ! 6.5 31.5 ! 10.0 38.6 ! 8.3 39.1 ! 5.4 "0.57 0.51

Torque at LoS (Nm) 5 19.0 ! 8.2 24.3 ! 11.3 32.7 ! 10.0 32.7 ! 6.4 "0.49 0.51

Index of used force 6 0.7 ! 0.3 0.6 ! 0.2 0.6 ! 0.3 0.6 ! 0.2 0.35 0.28

CoP characteristics (2 sec prior LoS)

Frequency (Hz) 7 2.6 ! 1.1 5.2 ! 1.3 4.3 ! 1.7 4.1 ! 1.2 "0.16 0.67

Amplitude (mm) 8 18.8 ! 9.1 7.5 ! 4.7 5.6 ! 2.4 5.7 ! 3.5 0.63 "0.42

Variability (mm) 9 18.9 ! 10.3 8.6 ! 4.6 4.8 ! 2.5 4.7 ! 2.7 0.65 "0.43

CoP characteristics (2 sec after LoS)

Frequency (Hz) 10 3.7 ! 1.0 5.4 ! 2.2 3.7 ! 1.5 4.1 ! 1.1 0.20 0.39

Amplitude (mm) 11 18.2 ! 5.7 15.5 ! 8.0 37.1 ! 23.2 28.8 ! 14.0 "0.58 0.13

Variability (mm) 12 14.3 ! 4.5 16.5 ! 9.1 12.6 ! 10.2 12.8 ! 15.8 0.26 0.13

Quiet standing balance (CoP sway)

Mean speed M-L (mm s"1) 13 5.8 ! 2.8 9.0 ! 3.5 5.4 ! 2.7 6.8 ! 1.7 0.44 0.74

Mean speed A-P (mm s"1) 14 13.2 ! 5.7 16.5 ! 6.9 10.4 ! 3.6 9.8 ! 2.5 0.57 0.65

Max range M-L (mm) 15 16.8 ! 7.6 22.0 ! 10.0 11.6 ! 3.1 16.3 ! 5.5 0.55 0.67

Max range A-P (mm) 16 28.0 ! 9.0 25.2 ! 8.7 18.7 ! 5.9 18.4 ! 4.7 0.65 0.47

Principal component analysis

Score on PC1 (a.u.) 2.3 ! 0.9 0.5 ! 1.35 "2.0 ! 1.8 "1.5 ! 1.1

Score on PC2 (a.u.) "1.3 ! 1.8 1.3 ! 2.15 "0.1 ! 1.5 0.2 ! 0.9
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Musculo-tendinous behavior

While no significant change in tendon elongation was

observed for low and intermediate force values (up to

60% of MVCpre), the NMES group revealed a reduction

in distance traveled by the MT junction for high force

value (P < 0.1 for 70% MVCpre, P < 0.05 for 80%

MVCpre; Fig. 3C). No change was reported for the refer-

ence group, regardless of the developed force. The pre-

frail group showed the lowest MT stiffness compared to

the reference group at pre-session (P = 0.003) but they

demonstrated significant improvement for this variable/

parameter after training (27.8 ! 7.3 vs. 49.5 ! 21.9

N mm"1, i.e., +44%, P = 0.008, Fig. 3D, Tables 1, 2),

such that no more difference existed between groups at

post-session (P = 0.978). MT stiffness was computed at

100% MVCpre.

LoS and torque performance during tilting

in standing position

While participants from the reference group were able to

amply move their CoP when performing the LoS task

(38.6 ! 8.3% of BoS length at pre-session), the perfor-

mance was significantly lower for NMES participants at

the pre-session (23.1 ! 6.5%, P = 0.001, Fig. 5D,

Tables 1, 2). The statistical analysis revealed a significant

improvement in NMES group performance after training

(31.5% of BoS length at post-session, P = 0.008), with a

value that did not differ significantly from that of post-

session reference group (P = 0.051, Fig. 5D, Tables 1, 2).

Concerning the torque generated when reaching the

LoS, the profile of the results can be regarded as close to

those described for the LoS performance (Tables 1, 2).

The IUF remained unchanged across the groups and the

evaluation sessions, with stable values were around 0.65

(Tables 1, 2).

Postural sway during the tilting task

Although no significant change in CoP sway characteris-

tics was observed for the 2 sec after CoPmax, all calcu-

lated characteristics were modified for the NMES group

during the 2-sec period prior to CoPmax (Fig. 5G,

Tables 1, 2). While the sway frequency for the reference

group remained unchanged between sessions (4.3 ! 1.7

Table 2. Inter-group (Mann-Whitney, U-Test) and intra-group (Wilcoxon signed rank, WSR-Test) statistical outcomes.

Variables Number

INTER-group INTRA-group

Pre Post Reference NMES

U P U P WSR P WSR P

Neuromuscular performance (lying)

Isometric MVC (Nm) 1 6.0 0.005 19.0 0.21 9.0 0.469 3.0 0.039

Regression slope – Torque versus EMG 2 61.0 0.001 44.0 0.199 0.0 0.016 41.0 0.027

MT stiffness index (N mm"1) 3 5.0 0.003 32.0 0.978 19.0 0.469 1.0 0.008

Limit of stability task (standing)

Limit of stability (% BoS length) 4 3.0 0.001 13.0 0.051 10.0 1.000 1.0 0.008

Torque at CoPmax (Nm) 5 9.0 0.016 17.0 0.142 11.0 1.000 4.0 0.027

Index used force 6 35.5 0.722 30.5 0.997 16.0 0.813 32.0 0.301

CoP characteristics (2 sec prior LoS)

Frequency (Hz) 7 13.0 0.050 49.0 0.066 16.5 0.730 0.0 0.009

Amplitude (mm) 8 60.0 0.001 41.5 0.315 14.0 0.938 42.0 0.020

Variability (mm) 9 61.0 0.001 51.0 0.039 14.0 0.938 41.0 0.027

CoP characteristics (2 sec after LoS)

Frequency (Hz) 10 34.5 0.775 44.5 0.18 5.5 0.684 8.0 0.095

Amplitude (mm) 11 16.0 0.108 14.0 0.071 24.0 0.108 29.0 0.496

Variability (mm) 12 33.0 0.892 44.0 0.21 16.0 0.800 21.0 0.910

Quiet standing balance (CoP sway)

Mean speed M-L (mm s"1) 13 39.5 0.426 44.5 0.181 6.0 0.205 1.0 0.008

Mean speed A-P (mm s"1) 14 39.5 0.425 53.0 0.021 15.0 0.933 6.0 0.055

Max range M-L (mm) 15 48.0 0.091 42.5 0.264 0.0 0.022 7.0 0.074

Max range A-P (mm) 16 50.0 0.055 43.5 0.221 14.0 1.000 31.0 0.359

Principal component analysis

Score on PC1 (a.u.) 63.0 0.0002 56.0 0.011 6.0 0.205 42.0 0.024

Score on PC2 (a.u.) 19.0 0.204 40.0 0.397 10.0 0.554 0.0 0.009

Bold values are statistical significance threshold crossed.
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Hz at pre-session; 4.1 ! 1.2 Hz at post-session), this

variable strongly increased for the NMES group

(2.6 ! 1.1 Hz at pre-session; 5.2 ! 1.3 Hz at post-ses-

sion; P = 0.009, Fig. 5G, Tables 1, 2). The statistical

analysis also revealed a decrease in the amplitude (P =

0.02) and the variability (P = 0.027) of the sway after

NMES training, while these characteristics remained

stable for the reference group (Fig. 5G, Tables 1, 2).

These outcomes were also transcribed through a color-

coded visualization of CoP speed as represented in Fig-

ure 5F that displays the attempts of two representative

participants from both groups.

Postural sway during quiet standing

No significant change in CoP sway characteristics was

observed after the training period regarding the anteropos-

terior component. Nevertheless, we can note an effect of

the session on the mediolateral component of the mean

speed for the NMES group (P = 0.008, Tables 1, 2).

Principal component analysis

The first two PCs explained the 28.4% and 22.4% of total

variance, respectively, and comprised mainly variables

related to force, tendon, and postural tilting (PC1) as well

as the overall dynamic properties of CoP (PC2). The sta-

tistical analysis performed on the score of both plotted

PC showed for PC1, while the location of the reference

group remained unchanged from pre- to post-sessions

(P = 0.205), the NMES group differed significantly from

the reference group at pre-session (P = 0.0002) and

became significantly closer to it after the training

(P = 0.024; horizontal axis on the 2D plot on Fig. 6C).

Regarding PC2 (vertical axis on the 2D plot on Fig. 6C),

the statistical analysis also indicated a modification of the

location of the NMES group after the training period

(P = 0.009), while the location of the reference group

within the PC-space remained unchanged (P = 0.554,

Tables 1, 2).

Discussion

The primary aim of this study was to characterize the

effects of 4 weeks of TS NMES training on postural con-

trol in pre-frail older people. The second aim was to

investigate how potential NMES-induced changes in force

and force transmission at the level of ankle joint could be

associated with changes in postural control, both in chal-

lenging LoS and quiet standing tasks. Our results showed

that NMES training significantly reduced the differences

between pre-frail participants’ and reference participants’

performance on challenging postural control. These

results should be seen in relation to intrinsic neuromus-

cular and musculotendinous gains, which were currently

observed in a functional balance context.

NMES improves voluntary muscle

performance through both neural and

peripheral adaptations

In agreement with previous results, the maximal volun-

tary force developed during PF effort was low among

older people (Morse et al. 2004; Narici et al., 2004).

Although some of the effects of aging in sedentary people

on muscle force and its mechanical properties have

already been reported (e.g., Ochala et al. 2004), the maxi-

mal voluntary force generated at the ankle joint has not

been yet documented for older adults based on their resi-

dence type and frailty status. First, our results demon-

strated that before NMES training, MVC performance

while lying was significantly lower for pre-frail institution-

alized participants in comparison to healthy noninstitu-

tionalized participants ("44.2%). However, 4 weeks of

NMES training significantly improved the performance of

trained participants to 26.2% (Fig. 2C). Gondin et al.

(2005, 2006) identified the mechanisms underlying

NMES-related torque increase after 8 weeks training in

young adults. Analysis of mid-quadriceps anatomical

cross-sectional area demonstrated that an increase in both

neuromuscular activation and peripheral adaptation

explained the improvement in MVC (Gondin et al. 2005).

The current NMES training was performed over

4 weeks. Regarding this quite short period, we expected

that mechanisms underlying the observed gain in torque

production would be related mainly to neural adaptation.

Accordingly, EMG maximal activity increased for both

GM and SOL muscles following NMES training (Fig. 2D),

reflecting stronger motoneuron activity (Fig. 6B).

The relationship between EMG and force on ongoing

effort of PF (Fig. 2B) confirmed those results. Neural

adaptations based on greater EMG activity of the TS mus-

cle and peripheral adaptations, as suggested by reductions

in slope (see Fig. 2B), explained the force gains. A direct

measure of muscle changes through imagery is needed to

confirm this hypothesis but NMES seems to have a posi-

tive effect against sarcopenia by increasing both the neural

descending drive and muscle properties.

NMES modifies MT properties

Tendon is involved mainly in force transmission from

muscles to bones and in fine to external environment,

and vice versa. Its mechanical properties determine the

speed of force transmission that must be considered when

studying postural control. It is already known that the
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muscle-tendon complex is more compliant with aging

(Lexell et al. 1983; Narici and Maganaris 2006; Onambele

et al. 2006; Narici et al. 2008), which could be a draw-

back when posture is suddenly disturbed and the reaction

force has to be quickly transmitted to allow rapid postu-

ral corrections.

Our results demonstrate that the lower MT stiffness

observed in the pre-frail group at the initial stage is reduced

after NMES training (+43.9%, Fig. 3D) and moved closer

to the reference group’s value. As evidenced by echography

pictures in Figure 3A, the MT junction displacement

between rest and MVCpre clearly decreased after NMES

training for NMES group, while it remained unchanged for

the reference participants. This improvement suggests that

short-term NMES training induces a useful decrease in the

time required for the force transmission. This point is of

special interest when the older individuals need to respond

as fast as possible to an unexpected postural perturbation.

A stiff tendon of the plantarflexor muscle can quickly trans-

mit the generated force to the BoS in order to adjust the

position of CoP below the projection of CoM when the bal-

ance needs to be recovered (Morasso et al. 1999; Loram

et al. 2005). In addition, the enhanced muscle-tendon force

transmission might improve the ability of the central ner-

vous system to finely tune the muscle activation pattern

needed to meet the task constraints. This feed-forward con-

trol process could be recalibrated based on the sensory

information provided by peripheral commands (e.g., Sei-

dler et al. 2004). Thanks to the NMES training, the central

nervous system could have become more efficient in pre-

dicting the optimal motor response because of optimized

feed-forward control and postural control, thus preventing

the risk of fall in older adults (Horak 2006; Doumas and

Krampe 2010).

To summarize, the improvement in force capacity and

force transmission properties through a higher MT stiff-

ness revealed some intrinsic MT and neuromuscular acti-

vation changes, as observed with NMES performed in the

lying position (without any postural constraints). How-

ever, the ability to translate these gains in a functional

context where balance is precarious remained to be deter-

mined, in particular when performing a task demanding a

high force. In this way, we used the LoS task that chal-

lenged balance performance.

The NMES-induced changes in muscle-

tendon complex: toward evidence of a

positive transfer in postural control

The anatomical joint configuration for this challenging

LoS task was close to the studied lying prone position: the

knee and hip joints were maintained extended and the

ankle joint remained between 85° and 90° (Fig. 4B). We

evidenced similar kinematic (Fig. 4A and B), kinetic

(Fig. 4B), and electromyographic (Fig. 4C) characteristics

for one young and two older participants representatives

from both studied groups. All participants were fully able

to correctly perform the expected behavior (see details in

Fig. 4). In this respect, a reduced ability in older adults to

widely move their CoP toward the BoS boundary (i.e. the

LoS) has been reported in many studies (e.g., Cavanaugh

et al. 1999; Kozak et al. 2003; Melzer et al. 2009). This

deficit was consistently more pronounced for the pre-frail

group than the nontrained group ("40.2%, Fig. 5D). But

the striking result is that the NMES training significantly

reduced this difference with an improvement of 26.8%

between pre-training versus post-training performance

(Fig. 5D). The IUF notably allowed to compare the torque

generated in standing versus lying prone (intrinsic capac-

ity). For all participants, the IUF remained unchanged

around 60–70% of their MVC in the prone position

(Tables 1, 2, Fig. S1). This finding highlighted the fact that

the LoS task was consistent with the reduced level of force

for tendon elongation after NMES training (Fig. 3C).

Regarding the analysis of CoP sway during the 2-sec

time windows prior to CoPmax (Fig. 5), an interesting

evolution in kinematic behavior between pre- and post-

session is likely be related to the change in MT stiffness

of TS. Indeed, CoP oscillated more frequently and less

widely at post-NMES training session. This can be linked

to an increased MT stiffness because a stiffer MT complex

is de facto more able to faster transmit muscle force vari-

ations to the external environment. Inertia can thus be

considered as reduced, enhancing both the perception of

postural disturbances (sensory pathway) through a higher

sensibility of muscle spindles, and the transmission of

force to the external environment in order to adjust the

posture depending on the perturbation (motor drive).

Note that a possible learning effect of the LoS task

between the sessions was rejected, since the values from

untrained group did not vary.

Control assessment through quiet standing

task

It seemed interesting to test the postural control during a

simple task where the developed force is much less

important. During quiet standing, the generated force was

actually estimated at about 10% MVC in an older popu-

lation (Billot et al. 2010). In this context, Amiridis et al.

(2005) studied the effect of a 4-week NMES training

(70 Hz) on TA muscle in older participants. They showed

that while the maximal voluntary force during dorsiflex-

ion effort improved, the postural control assessed during

bipedal quiet standing task through A-P and M-L CoP

range and variability remained unchanged. This is in line
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with the present study, since the amount (CoP speed)

and amplitude (CoP range) of anteroposterior postural

sway (directly linked to the torque applied at the ankle

joint) remained unchanged after the NMES training

(Fig. S1, Tables 1, 2). These findings suggest that the cur-

rent gains are likely to be transposed mainly in postural

situations where a significant force is required.

A PCA supports the positive effect of NMES

on the initial deficits

To summarize all of the collected data, we performed a

PCA, which simplifies the overall evolution of each

group after the 4-week period while maintaining highly

precise quantification. The ellipsoid surface, which clus-

tered each individual performance (PCs score) as a func-

tion of the group and the session, demonstrated that

NMES group significantly moved toward the reference

group ellipses after the 4-week period (Fig. 6C). The ini-

tial variables that contribute to PC1 correlate strongly

with each other; they gather components related to force,

tendon properties, and performance during the LoS task.

Moreover, the NMES group statistically reduced their

distance from reference group along the PC1 axis but

without totally covering the gap that still separated them

(Fig. 6C). Concerning PC2, which is mainly related to

dynamic behavior of CoP during both standing tasks,

the NMES group moved beyond the reference group.

This evolution demonstrated that the NMES training

effectively influenced the postural control. However, after

training, the NMES group exhibited biomechanical

behavior that still differed from the reference group.

Overall, this original data analysis provides quantified

evidence to support the alleviating effect of NMES on

broad biomechanical and balance deficits related to phys-

iological aging.

Methodological considerations

We acknowledge that there are some methodological limi-

tations in our protocol. For example, the knee angle was

different during the NMES training and the evaluation

protocol. Although the contributions of SOL (monoartic-

ular muscle) and gastrocnemii (biarticular muscles) of TS

are knee- or ankle-angle dependent (Cresswell et al.

1995), it is somewhat difficult to precisely determine their

contribution in terms of force production during volun-

tary or electrically induced contraction (Sale et al. 1982;

Four!e et al. 2013). Thus, the lying prone position was

chosen as the best compromise to avoid some difficulties

encountered by the older adults in performing maximal

PF without muscular effort for knee extension, as in sit-

ting position. In this way, further investigations are neces-

sary to characterize the force and MT stiffness during the

NMES session but also while performing the LoS task.

We also concede that MT stiffness assessed through longi-

tudinal ultrasonography imagery does not represent the

overall structural muscle and tendon unit. A more com-

plete analysis, including cross-sectional area and muscle

architecture, would be useful to better understand the full

effect of NMES conditioning on peripheral changes.

Conclusion

This study provides encouraging evidence that high-fre-

quency NMES training is a useful training paradigm to

achieve a positive short-term effect on the muscle-tendon

unit impaired by physiological aging. Four weeks of TS

NMES training increased both force production and force

transmission through changes in MT stiffness. These

improvements promoted the postural control under a

challenging situation through enhanced capacity to

explore the BoS by widely and quickly controlling the

center of pressure displacement. Future studies would

strengthen these current results by considering various

patient populations with a larger sample size to confirm

that NMES actively contributes to the fight against neuro-

muscular impairments and its adverse functional conse-

quences such as falls.
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Abstract

Patients suffering from end-stage renal disease experience multiple disabilities, such as muscle

wasting, weakness, higher postural sway, and fall rates compared with healthy population, which

has a negative effect on physical functioning and autonomy. The vital treatment of hemodialysis is

recognized to induce important post-hemodialysis fatigue, hypotension, cramps, and headache due

to the rapid fluid redistribution, among others. Nevertheless, even the well-known negative effect

of aforementioned consequences of hemodialysis treatment, its effect on physical function, espe-

cially postural balance, is unclear. Thus, this study hypothesized the adverse effect of hemodialysis

treatment on postural sway in 12 end-stage renal disease patients (mean age 63.3 ± 11 years)

through the analysis of center-of-pressure (COP) trajectories recorded before and immediately after

hemodialysis session. Evident postural alterations were observed at post-hemodialysis balance

assessment for COP position-based (Fs < 7.7, P < 0.02) and COP velocity-based variables (Fs > 2.33,

P < 0.05), without changes in complexity of COP time series in anteroposterior and mediolateral

directions. These results suggest that period after hemodialysis treatment is particularly unsafe, as

evidenced by important disability in postural control, and highlight the importance of the medical

support and falls-related prevention strategies of these older frail patients after hemodialysis

treatment.

Key words: Hemodialysis, posture, complexity, therapy

INTRODUCTION

The control of the human upright posture is a key com-
ponent in performing daily life activities. In this context,
the evaluation of balance disorders plays an increasingly
important role in clinical practice and research on preven-

tion of falls in the elderly and/or rehabilitation of specific
populations.1,2 Recently, interest in hemodialysis (HD)-
related changes in postural sway in patients with end-
stage renal diseases (ESRD) has emerged.3,4 In this respect,
the present study investigated the specific effect of HD
treatment on balance deficits in patients with ESRD symp-
toms (i.e., uremic syndrome) by comparing center-of-
pressure (COP) trajectories recorded before and after HD
session.

The ESRD, which is a consequence of a progressive and
irreversible loss of kidney functions, is substantially char-
acterized by the uremic syndrome, the main features of
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which are overall hydration, arterial tension problems,
anemia, metabolic acidosis, retention of nitrogenous sub-
stances (such as urea and creatinine), and abnormal elec-
trolyte balance.5 In spite of continuous therapeutic
advances in the treatment of ESRD and associated comor-
bidities, these patients have poor physical functioning,
low activity levels,6 low muscle mass and strength,5 and
higher postural sway,3 which are all directly linked to
cardiovascular disease, bone mineral abnormalities, and
muscle catabolism associated with ESRD. All these comor-
bidities are well known to be associated with high mor-
bidity and mortality.7 In addition, it is well recognized that
ESRD patients have a dramatically higher fall rates com-
pared with the general population (fall rate of 1.60 falls
per HD patient year vs. 0.6–0.84 falls per people year
in older, frail populations) and a high falls-related
morbidity.8

Patients suffering from ESRD require a permanent renal
replacement therapy to survive, such as HD treatment.
This HD therapy typically consist of three HD sessions per
week in order to remove waste, salt, and extra water to
prevent them from building up in the body, keeping a safe
level of certain chemicals in blood (such as potassium,
bicarbonate, and sodium) to help control blood pressure.
Moreover, a 4-hour conventional HD session immobilizes
the patient, contributing directly to sedentary behavior
that can further worsen their functional motor abilities.
Considering additional factors specifically associated with
HD treatment (e.g., post-dialysis fatigue,9 change in
calcium concentration10) and the known influence of
time-of-day and daily fatiguing activities on balance,11,34

which by extension increase the risk of fall,2 the present
analysis explored the effect of HD treatment on postural
control in ESRD patients.

To our knowledge, only a very few studies have
addressed this issue. For example, Cook et al.8 revealed
that HD treatment altered the motor function in older
ESRD patients (≥65 years), weakening their strength and
decreasing their mobility after the HD session, thus
increasing the probability of fall when returning home.
Likewise, Soangra et al.12 examined the pre- and post-HD
session performance of ESRD patients (mean age 54 ± 4
years) on the sit-to-walk (STW) test, namely a movement
performance quite often involved in activities of daily
living. Their findings demonstrated an overall degradation
in performance on STW parameters (e.g., STW comple-
tion time, delay to reach peak flexion velocity), with some
potential influence on higher risk of falls after the HD
session.

Concerning specifically the balance assessment in ESRD
patients, the postural instability and the implicit motor

strategies of balance control are currently poorly under-
stood. As far as we know, only two studies investigated
this dimension directly through the analysis of COP tra-
jectories recorded using force platforms (Figure 1). First,
Shin et al.4 showed that HD patients have poorer postural
control compared with age-matched healthy people
(mean age 48.7 ± 9.5 years), especially when the quiet
standing is associated with a cognitive task. Second, a
recent study conducted by Magnard et al.3 examined the
HD-related changes in postural sway in different age
groups, individuals with different body mass index, and
gender-matched healthy people (mean age 72 ± 10.8
years). It showed a significant alteration in postural sta-
bility among elderly ESRD patients, evidenced by a poorer
active control of COP velocity dynamics as compared
with the healthy participants. Up to now, however, no
study compared postural sway in pre- and post-HD
session, despite the relevance of aforementioned clinical
arguments.

Due to the lack of studies, we examined the direct effect
of HD treatment on postural sway of ESRD patients
through the comparison of COP trajectories measured
before and just after the HD session. Because the specific
medical and physiological characteristics of ESRD patients
induce higher body sways in daily life as compared with
healthy people, our hypothesis was that HD therapy and
the associated prolonged immobilization induces further
alterations in postural control of these patients.

METHODS

Participants

Twelve ESRD patients (mean age 63.3 ± 11 years) under-
going HD therapy (4.5 hours ± 35 minutes per session,
three sessions per week) consented to participate in this
study (see Table 1 for participant’s characteristics). All
participants gave informed signed consent before enroll-
ment. They were recruited in the outpatient HD confluent
dialysis unit of the ECHO Dialysis Association in Nantes
(France).

Experimental conditions and procedures

For all participants, data collection of postural sway was
carried out during a single bout of about 3 minutes, after
a rest period, before the HD session (pre-HD) at about
7.30 AM ± 30 minutes, and immediately after the HD
session (post-HD) at about 12.30 PM ± 30 minutes. In all
cases, from the moment they were standing, postural
balance was immediately assessed. However, note that at

Magnard et al.
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the end of the HD session, the patients needed time (about
10 minutes) for stabilizing their arteriovenous fistula
before balance assessment. The standing postural sway
was measured using a Kistler force platform (model
9286BA) comprising two trials with stance with eyes open
(EO) and stance with eyes closed (EC) measured in
random order across participants in order to record the
spontaneous postural behavior of these patients in both
conditions. The ESRD patients were instructed to stand
quietly while barefoot with the head in a straight ahead
position, their arms along the body focusing on a black
spot (2 cm in diameter) placed on a white wall in front of
them at a 200-cm distance. For a trial of 51.2-s duration
(sampling frequency of 100 Hz), the system was linked to

Figure 1 Representative examples of center-of-pressure trajectories recorded using a force platform [1], as a function of the
time-of-hemodialysis (HD) session (pre-HD vs. post-HD) and vision condition (eyes open [EO] vs. eyes closed [EC]) [2].
AP = anteroposterior axis; ML = mediolateral axis.

Table 1 Characteristics of the older hemodialysis patients

Total (N = 12)

Age (years) 63.3 ± 11
Min–max 51–83
Gender (n men/women) 7/5
Height (cm) 164.43 ± 10.95
Min–max 149–183
Dry weight (kg) 63.0 ± 16.9
Min–max 45–101.4
Body mass index (kg/m2) 23.34 ± 5.81
Min–max 15.9–36.8
Duration of HD (months) 95.83 ± 81
Min–max 15–300

HD = hemodialysis.

Postural sway changes in ESRD patients

Hemodialysis International 2015; 19:553–561 555



BioWare® 5.2.2 software (Kistler Group, Winterthur,
Switzerland), thus providing COP series on the anteropos-
terior (AP) and mediolateral (ML) axes.

Note also that the weight of patients, well-known cri-
teria of medical and physiological state of ESRD patients,
was assessed during pre- and post-HD session.

Data analyses

Traditional measures
The dependent variables computed from the analysis of
COP trajectories included mean range (in millimeters)
and 95% confidence intervals (CI) of COP excursion in
the AP and ML directions, standard deviation (SD) of
position, area (95% confidence ellipse), and mean and SD
of COP velocity in AP and ML directions. The average
absolute maximal velocity (AAMV in mm/s) was also com-
puted from the COP velocity series by extracting the
maximum and minimum values of series within non-
overlapping 2-second windows. Then the absolute values
of these extremes were averaged (see Delignières et al.13

for details). In fact, recent studies showed that the highest
AAMVs that bound the COP velocity dynamics of postural
sway were associated with cognitive impairment and fall
risk.2,14 We specifically identified that this AAMV was the
most sensitive dependent variable to characterization of
implicit postural control strategies2,14 and an objective
hallmark feature of HD-related changes in postural sway
(see Magnard et al.3).

Structure of COP variability
COP regularity was also assessed using sample entropy
(SampEn) analysis according to studies, which suggested
that a decrease in complexity (i.e., irregularity) of COP
time series indicates an adaptability loss, namely the
(healthy) capacity to respond to changes in internal and
external stimuli.15,16 As such, SampEn is consistently used
to characterize the temporal aspects of the postural sway
variability (e.g., Cook et al. and Rigoldi et al.8,17), with the
idea that SampEn close to 0 indicates greater regularity
(i.e., less effective postural control) while a result near 2
represents higher complexity.18 The quantification of regu-
larity of COP trajectories by the SampEn (m, r, N) is the
negative natural logarithm of the conditional probability,
stating that a vector of length N, having repeated itself
within a tolerance r for m point, will also repeat itself for
m +1 points without allowing self-matches (see Lake
et al.19 for details). In line with the previous studies (e.g.,
Vaillancourt et al.20), the input variables for SampEn cal-
culation were m = 2 and a tolerance range r was normal-
ized to 0.2× the SD of COP time series. The presence of

pathology or adverse effects of therapeutic interventions
should be associated with more regular (less complex)
postural behavior.

Statistical analysis

All data were normally distributed; thus, values are
reported as mean ± SD (or standard error) throughout the
text and the figures. To test the effects of time-of-HD
session (pre vs. post) on the postural control, a paired t
test was first carried out of all aforementioned variables.
Between-session comparisons were then performed using
a 2 (time-of-HD session) × 2 (vision) analyses of variance
(ANOVAs) to test the effects of visual information process-
ing on the postural control. Partial eta square (pη2) values
are reported as measures of effect size, with pη

2 > 0.14
considered a very large effect.21 Finally, the weight of
patients was compared between pre- and post-HD session
using a paired t test with Cronbach’s alpha set at 0.05.

RESULTS

For all participants, the HD session was without adverse
events.

First, the paired t test for the patients’ weight indi-
cated a significant weight reduction after HD session
(t[1,11] = 8.241, P < 0.0001, pη

2 = 0.86), with a mean
weight reduction of 2.27 ± 0.91 kg.

Concerning the traditional COP parameters, all means
and 95% CIs pre- and post-HD test are presented in
Table 2. The t tests revealed a significant effect of time-
of-HD session, indicating postural alterations in post-HD
evaluation as compared with balance assessment in
pre-HD session, for many COP position-based variables
(SD position AP, SD position ML and area) (all Fs < 7.7,
P < 0.02) and COP velocity-based variables (mean veloc-
ity and AAMV AP) (all Fs > 2.33, P < 0.05) (see Table 3
and Figure 2 for all statistical results). Second, the two-
way ANOVAs confirmed these findings, with significant

Table 2 Weight evolution (expressed in kg) of older ESRD
patients between pre-HD and post-HD session

Pre-HD Mean weight 64.51
SD weight 16.49
Min–max weight 47.52–103.50

Post-HD Mean weight 62.24
SD weight 15.97
Min–max weight 45.80–99.50

ESRD = end-stage renal disease; HD = hemodialysis; SD = standard
deviation.
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adverse effect of time-of-HD session on postural control
(Table 4). A significant effect of vision revealed changes in
postural control in EC vs. EO conditions, but only for SD
position ML (3.12 vs. 3.82 mm; −18.47%, P = 0.049,

pη
2 = 0.31). However, high tendencies to be impacted by

the visual information were also observed for the SD
velocities in AP and ML directions (18.17 vs. 15.18 mm/s;
+19,64%; P = 0.09, pη

2 = 0.23; 8.87 vs. 9.58 mm/s;

Table 3 Comparisons of COP variables between pre- and post-HD session

COP position-based variables

Range position_AP
(mm)

SD position_AP
(mm)

Range position_ML
(mm)

SD position_ML
(mm) Area (mm2)

Pre-HD Mean 27.81 4.79 20.81 3.27 332.49
(95% CI) (23.62–32.30) (3.78–5.81) (15.59–26.02) (2.62–3.91) (220.65–444.32)

Post-HD Mean 32.95 5.89 22.47 4.08 517.51

(95% CI) (26.04–39.87) (4.71–7.08) (19.03–25.92) (3.32–4.85) (345.34–689.67)

COP velocity-based variables

Mean velocity
(mm/s)

SD velocity_AP
(mm/s)

SD velocity_ML
(mm/s)

AAMV_AP
(mm/s)

AAMV_ML
(mm/s)

Pre-HD Mean 14.21 21.16 16.53 40.47 26.29
(95% CI) (12.39–16.04) (18.04–21.29) (14.53–18.54) (33.52–47.42) (20.12–34.46)

Post-HD Mean 15.94 23.57 18.51 47.23 30.98
(95% CI) (12.86–19.03) (18.34–28.79) (15.35–21.66) (37.25–57.21) (23.54–38.43)

AAMV = average absolute maximal velocity; AP = anteroposterior; CI = confidence intervals; COP = center of pressure; HD = hemodialysis;
ML = mediolateral; SD = standard deviation.

Table 4 Analysis of variance results for all the COP parameters for the different factors

COP position-based variables

Range position_AP SD position_AP Range position_ML SD position_ML Area

Time F 4.370 7.704 0.549 12.720 8.454
P 0.061 0.018 0.474 0.004 0.014

pη
2 0.284 0.412 0.047 0.536 0.435

Vision F 0.341 0.044 3.958 4.910 3.224
P 0.571 0.837 0.072 0.049 0.101

pη
2 0.031 0.004 0.264 0.309 0.227

Time*Vision F 0.087 0.782 0.264 1.809 0.533

P 0.774 0.395 0.617 0.206 0.481

pη
2 0.008 0.066 0.023 0.141 0.046

COP velocity-based variables

Mean velocity SD velocity_AP SD velocity_ML AAMV_AP AAMV_ML

Time F 6.356 2.714 3.581 6.903 1.737
P 0.028 0.127 0.085 0.024 0.214

pη
2 0.366 0.198 0.246 0.386 0.136

Vision F 1.405 3.434 3.697 4.338 1.453
P 0.261 0.090 0.081 0.061 0.253

pη
2 0.113 0.238 0.252 0.283 0.117

Time*Vision F 2.116 1.200 0.645 0.844 0.563
P 0.174 0.296 0.438 0.378 0.469

pη
2 0.161 0.098 0.055 0.071 0.049

Statistically significant results (P < 0.05) are indicated in bold.
AAMV = average absolute maximal velocity; AP = anteroposterior; COP = center of pressure; ML = mediolateral; SD = standard deviation.
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−7,45%, P = 0.08, pη
2 = 0.25, respectively] and for the

AAMV in the AP direction (47.25 vs. 39.90 mm/s;
+18,43%; P = 0.06, pη

2 = 0.28). Note that no significant
time-of-HD session × vision interaction was found (all
Fs < 0.39, P > 0.07).

Sample entropy results
The t tests revealed no main effect of time-of-HD session
as an indicator of no change in regularity of postural
sway before and after the HD session on both the AP
(mean 0.201 ± 0.140 vs. 0.146 ± 0.101; t[1,11] = 1.691;
P = 0.11, pη

2 = 0.26) and ML directions (mean 0.242 ±
0.233 vs. 0.181 ± 0.122; t[1,11] = 1.19; P = 0.27,

pη
2 = 0.11). Second, the ANOVA revealed a main

effect of vision in AP direction only (F[1,11] = 9.08,
P = 0.01, pη

2 = 0.45). No significant main effect of time-
of-HD session (F[1,11] = 2.86, P = 0.118, pη

2 = 0.21) or
interaction emerged (F[1,11] = 0.26, P = 0.62, pη

2 = 0.02)
(Figure 3).

Figure 2 Illustration of the main effect of vision for the
sample entropy values (with standard error bars) in antero-
posterior (AP) center-of-pressure motions. No significant
time-of-hemodialysis (HD) session × vision interaction was
observed. **P < 0.01.

Figure 3 Significant effects of time-of-hemodialysis (HD) session on three center-of-pressure (COP) position-based variables
(top) and three COP velocity-based variables (down). The vertical bars indicate the standard deviation. AAMV = average
absolute maximal velocity; AP = anteroposterior; ML = mediolateral; SD = standard deviation. *P < 0.05, **P < 0.01.
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DISCUSSION

The current study aimed to investigate the effects of a
single HD session on the postural sway of older patients
with ESRD by comparing COP trajectories measured
before and immediately after the HD session. Consistent
with the recent preliminary study of Soangra et al.,12 the
findings supported our main assumption that HD session
therapy affected postural balance of ESRD patients nega-
tively. Precisely, we reported higher postural sway in
post-HD session compared with pre-HD session, for most
COP position and velocity variables (Table 3). These
changes in variability of postural control were not associ-
ated with a higher complexity of COP time series: the
regularity of COP trajectories was similar before and after
the HD session. No evidence of different ineffective pos-
tural control strategies has emerged as a function of time-
of-HD session.

First, the HD treatment, aimed to keep the organism in
as safe condition as possible in terms of waste, liquids,
blood pressure, and chemical substances that causes int-
radialytic fluids redistribution, can provoke weakness in
lower limbs. Indeed, Shulman et al.22 showed that plasma
water is being removed more from the peripheral com-
partments of body than from the trunk. This finding sug-
gests that plasma refill during the HD session is used to
preserve primarily central blood volume rather than
peripheral compartments, such as postural (calf) muscles
and lower extremities, which can explain the increase of
postural sway variability immediately after the HD
session. Second, the significant weight reduction due to
the elimination of accumulated fluids and the fatigue asso-
ciated with the HD treatment9 could also be considered as
primary factors responsible for significant alterations of
postural stability. Even if no physiological and/or psycho-
logical measure has been to record how exhausted the
ESRD patients were, it is well documented that the ESRD
patients who received a HD treatment for longer than 2
years experienced increased fatigue compared with the
other patients,23 and the fatigue increased with an
advanced age.24 It is important to underline that patients
in this study were relatively old (mean age 63.3 ± 11
years) and only two of them were treated by HD therapy
for less than 2 years (15 and 20 months, respectively).
Third, electrolyte disturbances incurred by HD treatment
can adversely affect the neuromuscular performance of
ESRD patients. Indeed, on the one hand, the rapid
changes in calcium concentration during HD session
could impair the muscle function, as shown in Berchtold
et al.,25 through a decline in both force production and
resistance to fatigue. On the other hand, acidosis could

unfavorably affect neuromuscular function of patients,
deteriorating actomyosin interaction and the steps in cross
bridge cycle.26 Thereby, less force production at the same
level of activation could be observed. In sum, these bio-
chemical disturbances could be responsible for muscular
strength degradation in this specific population suffering
from sarcopenia, especially in older patients.27

Even if the results of traditional COP parameters
confirm a greater difficulty in controlling posture in EC
compared with in EO condition,3 the lack of time-of-HD
session × vision interaction might indicate that the visual
information processing influences postural control to the
same extent, regardless of the pre- or post-HD postural
evaluation. Because of the aforementioned specific conse-
quences of HD treatment (e.g., immobilization, fluids
redistribution), it is most likely that the impaired balance
in ESRD patients after HD session is less associated with
the visual input rather than with the deficits in integration
of proprioceptive and/or vestibular information.

Nevertheless, this point needs to be clarified with
respect to the results of structure of COP trajectories. For
older ESRD patients, the effect of HD session on postural
sway variability (e.g., increase of COP mean velocity) is
not associated with change in the structure of COP vari-
ability (see sample entropy results). The necessary phys-
iopathological benefits of HD therapy for ESRD patients
do not positively influence the system complexity, origi-
nally regarded as the capability of adaptability and flex-
ibility useful for an individual to respond to external
perturbations.28 These somewhat counter-intuitive results
are in line with previous studies highlighting the bidirec-
tional influence of task constraints in postural control in
different (pathologic) adults.29,30 In this respect, the
entropy information was higher in the EC condition than
in EO on the AP COP motion. This finding is consistent
with Hong et al.’s study31 that found contrasting effects on
the COP regularity (i.e., complexity) when young healthy
subjects were asked to maintain two (normal vs. tandem)
stance conditions with EO and EC. Specifically, the
tandem stance associated with visual feedback withdrawal
increased the irregularity of COP signals as evidenced by
a highest value of entropy. The current changes in COP
regularity and variability observed among ESRD patients
as a function of visual information challenge the hypoth-
esis of age-/disease-related unidirectional changes in “loss
of complexity.”16,20,30,32 Our current findings showed that
the visual constraints, unlike the HD therapy itself, influ-
ence changes in complexity of postural control in ESRD
patients.31 Thus, the postural responses observed in EC
condition likely rely on proprioceptive and vestibular
information to meet the task-specific demands. In this
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context, the ESRD patients would have mobilized other
implicit postural control strategies indicative of a neces-
sary reweighting of sensory information from propriocep-
tive system at relatively fast time scale. Because of their
specific physiopathology and potential comorbidities
(e.g., more than one in two HD patients have one or more
neuropathies33), the impaired balance in ESRD probably
reflects deficits in integration of proprioceptive inputs
rather than the visual inputs. The increase in COP irregu-
larity in EC condition might be an index of a positive but
extremely difficult adaptation required to meet the imme-
diate postural task constraints. Future research on
HD-related adverse changes in postural sway by manipu-
lating information from visual/proprioceptive systems
should provide further support for precise characteriza-
tion of sensory reweighting dynamics and bidirectional
change in physiological complexity in ESRD patients.

To conclude, this study found a negative effect of a HD
session on the postural balance of older ESRD patients.
Indeed, even when we included a low sample size of
patients, which was difficult to obtain partly due to the
difficulty to recruit volunteers from this specific frail
population, in the analysis, our results showed the first
indication of direct effect of HD treatment on COP trajec-
tories and variability. Nevertheless, although the reported
effects were very large (see the measures of effect size),
which suggests an acceptable consistency to the current
findings, these latter do need to be confirmed in a larger
population. From a new perspective, it could be interest-
ing to determine in further studies the duration of these
alterations of postural sway in order to adapt the care
system to the fall-related potential danger.8 Hence, in
support of our purpose, the present findings are of special
clinical interest to improve the management and the effi-
cacy of ESRD patients’ support when they leave the
medical center after HD treatment.
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Short Communication

Implicit postural control strategies in older hemodialysis patients:
An objective hallmark feature for clinical balance assessment
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1. Introduction

More than two million people with end stage renal diseases

(ESRD) are currently treated worldwide by dialysis. The ESRD are

substantially characterized by the uremic syndrome, whose main

features are an arterial hypertension, an overall hydration, a

metabolic acidosis and retention of nitrogenous substances – urea

and creatinine, and an abnormal electrolyte balance [1]. Despite

significant progress in dialysis techniques and in the treatment of

associated comorbidities, patients with ESRD undergoing hemodi-

alysis (HD) have decreased physical functioning, diminished

muscle mass and altered muscle quality, and all of these features

are associated with an increased morbidity and mortality risk [2].

The relationship between older patients with ESRD and

impairments in motor function and balance has been established

in several surveys, revealing a greater frequency of falls and

fractures in HD patients than in controls [3,4]. For example, the fall

risk in HD population is higher than in the general community (a

fall rate of 1.60 falls/patient-year vs. 0.6–0.84 falls/people-year in

older, frail populations), and fall-related morbidity is high [5].

Because poorer balance stability is identified as a powerful

predictor of falls in older adults with and without cognitive

impairment [6,7], balance assessment and in particular the

analysis of center-of-pressure (COP) trajectories recorded using

force platforms could be helpful to understand ESRD-related

changes in postural sway that expose to greater fall risk [8]. In this

vein, Shin et al. [9] showed that HD patients have poorer postural

control than age-matched healthy subjects (mean age 48.7 � 9.5

years), in particular while quiet standing with a cognitive task.

Unfortunately not investigated in [9], this finding is likely to be

related to deficits in integration of visual, proprioceptive and

vestibular inputs necessary for efficient postural control [10].
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A B S T R A C T

Elderly patients with end stage renal diseases (ESRD) undergoing hemodialyis (HD) present poorer

physical function and higher accident falls than healthy elderly population. Therefore, the aim of this

study was to examine the HD-related changes in postural sway in ESRD patients, as an objective

hallmark of their functional abilities. We hypothesized that the ESRD symptoms (i.e. uremic syndrome)

and the HD therapy affected the postural control, evidenced by higher bounding limits of center-of-

pressure (COP) velocity dynamics. Fifty-five participants, including 28 HD patients and 27 age, body

mass index and gender-matched healthy participants HS (70.42 � 13.69 years; 23.46 � 4.67 kg/m2; 35.7%

women vs. 73.62 � 6.59 years; 25.09 � 3.54 kg/m2; 37% women), were asked to maintain quiet stance on

force platform, with eyes open and eyes closed. COP parameters were mean and standard deviation (SD) of

position, velocity and average absolute maximal velocity (AAMV) in antero-posterior and medio-lateral

directions. The results revealed a significant main effect of group on velocity-based variables, highlighting

that mean velocity, SD velocity and AAMV (p < 0.01) were higher for HD as compared to HS. These findings

identified the bounding limits of COP velocity as an objective hallmark feature of HD-related changes in

postural sway. The clinical assessment of this active control of COP velocity dynamics could be useful to

examine the effects of targeted intradialytic exercise programs on functional performances and for early

detection of increased fall risk in HD patients.
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In this context, we have recently demonstrated a key role for

COP velocity-based variables in postural sway in older healthy

individuals, with cognitive impairment and/or history of falls

[11,12]. By assessing the most sensitive velocity-based variables,

namely the average absolute maximal velocity (AAMV in mm/s),

we specifically showed that the highest AAMVs that bound the COP

velocity dynamics of postural swaywere associated with cognitive

impairment and fall risk. Our findings highlighted the COP

velocity-based corrective control process as a hallmark feature

of cognitive impairment-related changes in postural sway. This

point might be of special interest for clinical balance assessment

and falls prevention in older HD patients [12].

Thus we aimed to characterize the implicit postural control

strategies in 28 older HD patients in comparison with 27 age-

matched controls (mean age 72 � 10.8 years). Because the

physiological functions induce continuous body sways [13], our

hypothesis was that the ESRD symptoms (e.g. uremic syndrome-

related liquid movements) and the HD therapy affected the postural

control leading to higher bounding limits of COP velocity dynamics,

apart from the fact that HD patients have low levels of daily physical

activity [2].

2. Methods

2.1. Participants

55 individuals volunteered to take part in this investigation,

including 28 HD patients (10 women) and 27 age, bodymass index

and gender-matched healthy participants HS (10 women. Control

subjects were admitted to the study if they had no history of renal

impairment, no past history or current symptoms of neuromuscu-

lar dysfunction. All participants gave informed signed consent

before enrollment. Independent sample t-tests were performed for

HD vs. HS age, and body mass index [t(19) = 0.39, p = 0.69,

t(19) = 1.53, p = 0.14, respectively]. A Chi square test was

conducted for the gender variable [x2 = 0.03, p = 85] (see Table 1

for participants’ baseline characteristics). All HD patients are on

thrice-weekly HD therapy for longer than 3 months and were

recruited in the outpatient HD Laennec Dialysis unit and Confluent

Dialysis unit of the ECHO Dialysis Association in Nantes (France).

2.2. Procedure

For all data collection of postural sway, the participants were

asked to maintain standing position on a Kistler force platform

(model 9286BA) according to two trials of quiet stance: stancewith

eyes open (EO) and stance with eyes closed (EC) (random order

across participants). Participants were instructed to stand quietly

while barefoot, with the head in a straight-ahead position, their

arms along the body, and each foot positioned on the platform

plate that maintained the distance between themedial sides of the

heel at 8.4 cm with an external rotation angle of 98 [11,12]. During

EO conditions, they were instructed to look at a black spot (with a

diameter 2 cm diameter) placed on a white wall in the front of

them at a 2 m distance. For a trial of 51.2 s duration (sampling

frequency of 5 Hz), the system was linked to BioWare1 5.2.2

software, providing COP series on the antero-posterior (AP) and

medio-lateral (ML) axes.

2.3. Statistics

The COP parameters were mean and standard deviation (SD) of

position and velocity in AP and ML directions. We also computed

the AAMV from the COP velocity series by extracting themaximum

and minimum values of series within non-overlapping windows

(of a length of 2 s). Then the absolute values of these extremeswere

averaged (see [11,12] for details). For testing the effects of Group

(HD vs. HS) on the postural control, a one-way ANOVA was first

carried out for each aforesaid dependent variable. Then between-

group comparisons were performed using 2 (Group) � 2 (Vision)

ANOVAs to test the effects of visual information processing on the

postural control. Partial eta square (ph
2) values are reported as

measures of effect size, with very large effects considered for

ph
2
� 0.14 [14].

3. Results

We first focused on the postural performance considering only the effects of

Group factor (all statistical results are summarized in Table 2). The analysis found a

main effect of Group on velocity-based variables, revealing that mean, SD velocity

and AAMV were significantly higher in HD patients compared with HS. Besides the

analyses for many COP position variables showed that postural sway is not

significantly different according to groups.

Secondly, the two-way ANOVAs confirmed these findings, with significant

effects of Group for all velocity-based variables (Fs > 7.32; p < 0.01). Moreover a

significant effect of Vision revealed alterations in postural control in EC vs EO

conditions, as found for themean velocity [13.86� 7.31 vs.12.22� 6.02 mm/s; +13.42%;

p = 0.02; ph
2 = 0.096], the SD velocity [19.1� 10.89 vs. 16.09� 8.39 mm/s; +18.7%;

p = 0.008; ph
2 = 0.124] and the AAMV [22.75� 13.43 vs. 18.91� 10.12 mm/s; +20.3%;

p = 0.004; ph
2 = 0.147] in the AP direction (Fig. 1). Note that no significant Group� Vision

interaction was found [all Fs< 4.34, p> 0.07].

4. Discussion

The results confirmed the bounding limits of COP velocity as an

objective hallmark feature of HD-related changes in postural sway.

Contrary to most of position variables, mean velocity, SD velocity

and AAMV are actually higher for HD, as compared to healthy

participants (Table 2). Even if these results corroborate changes in

Table 1

Clinical characteristics of the participants (n=55).

HD group

(n=28)

HS group

(n=27)

Total

(n=55)

Age (years)

[95% CI]

70�13.64

[64.81; 75.18]

73.62�6.59

[64.81; 75.18]

72�10.8

[64.07; 74.92]

Male gender, n (%) 18 (64.3) 17 (63) 35 (63.6)

BMI (kg/m2)

[95% CI]

23.41�4.59

[21.41; 25.16]

25.09�3.54

[23.69; 26.49]

24.26�4.2

[23.13; 25.4]

Duration of HD (months)

min–max

87.10�80.56

11–308

NA

[(Fig._1)TD$FIG]

Fig. 1. Effects of vision (open eyes – in gray vs. closed eyes – in black) on the average

absolute maximal velocity (AAMV) (mm/s) in antero-posterior axis, as a function of

Group (healthy controls vs. hemodialys patients). Error bars correspond to the

standard deviation. Significant differences at **p < 0.01.
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poor postural stability in HD patients [3,9], these findings

demonstrate that the velocity information is the most sensitive

form of sensory information to (de)stabilize posture in HD as

compared to age-matched healthy participants.

In accordancewith [11,12], we argue an adverse impact of ESRD

on the active corrective control process of COP velocity dynamics,

especially in anteroposterior direction. Even if quiet standing

under eyes closed condition induces adverse changes in intermit-

tent velocity-based control of posture (i.e. highest velocity

thresholds), no Group � Vision interaction was found. This lack

of interaction indicates that visual information processing causes

alterations in postural control to the same extent whatever the

status of older participants. Thus we suggest that the impaired

balance in ESRD might be more related to deficits in integration of

proprioceptive and/or vestibular inputs rather than the visual

input [10], probably because of their specific physiopathology (e.g.,

atrophy in the lower extremity muscles, low muscle strength,

acidosis, abnormalities in vitamin D metabolism or in serum

calcium concentration, prolonged inactivity, malnutrition, inade-

quate dialysis or hyperparathyroidism [1]). To this aim, further

research is required to test the specificHD-related adverse changes

in postural sway by removing/attenuating the sensory information

from the visual, somatosensory and vestibular systems.

In support of our purpose, the present finding is of special

interest for clinical balance assessment in order to examine the

effects of long-term targeted intradialytic exercise programs on

functional performances [15]. Moreover, the assessment of this

active control of COP velocity dynamics might be also useful for

early detection of increased fall risk in HD patients [11,12].
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Abstract.

Background:Cognitive impairment-related changes in postural sway increase fall risk among older adults. Better understanding

this association could be helpful for fall prevention.

Objective: To examine the center-of-pressure (COP) velocity association with cognitive status and history of falls, in cognitively

healthy individuals (CHI), patients with mild cognitive impairment (MCI), and with mild-to-moderate Alzheimer’s disease

(MMAD).

Methods: Six hundred and eleven older community-dwellers (77.2± 7.9 years; 51.8% men) were separated into CHI, MCI,

and MMAD participants. By computing the average absolute maximal velocity (AAMV), the bounding limits of COP velocity

dynamics were determined while participants were asked to maintain quiet stance on a force platform with eyes open or with

eyes closed. Age, gender, history of falls, body mass index, medications, handgrip strength, Timed Up & Go score were used as

covariates.

Results: The multivariate ANCOVA, with AAMV in eyes open and eyes closed conditions as dependent variables, showed

that the highest AAMVs that bound the COP velocity dynamics of postural sway were associated with cognitive impairment

(p= 0.048) (i.e., lowest limits in CHI and MCI as compared with MMAD) and falls (p= 0.033) (i.e., highest limits in fallers).

Conclusions: These findings identified the bounding limits of COP velocity as a hallmark feature of cognitive impairment-

related changes in postural sway, in particular for MMAD. This point is of special interest for clinical balance assessment and

fall prevention in MMAD patients in order to plan long-term targeted fall-prevention programs.

Keywords: Accidental falls, Alzheimer’s disease, mild cognitive impairment, postural balance

INTRODUCTION

Falls are common in older population and often lead

to fractures and psychological trauma, self-imposed

restriction in daily activities, and consequently, loss

of independence [1–3]. Older adults with cogni-

tive impairment from mild cognitive impairment

(MCI) to dementia, have higher prevalence of falls

∗Correspondence to: Thibault Deschamps, PhD, Laboratory

« Motricité, Interactions, Performance » (EA 4334), University of

Nantes, 25 bis boulevard Guy Mollet, BP 72206, 44322 Nantes

Cedex 3, France. Tel.: +33 02 51 83 72 14; Fax: +33 02 51 83

72 10; E-mail: thibault.deschamps@univ-nantes.fr.

[4–7]. Recently, some studies have characterized

some cognitive impairment-related changes in gait

performance, suggesting the existence of a motor phe-

notype of unsafe gait in MCI and mild dementia

[8–11]. For example, an increase in the variability of

stride-to-stride time (i.e., worst gait performance and

control) has been identified as a specific biomarker of

MCI patients [12]. In addition, evidence of balance

impairment has been widely reported in MCI or Mild-

to-Moderate Alzheimer’s disease (MMAD) [13–17].

All these data suggest that the implicit postural

control strategies in older adults with cognitive impair-

ment may be a clinical hallmark of early cognitive

ISSN 1387-2877/14/$27.50 © 2014 – IOS Press and the authors. All rights reserved
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dysfunction and may help to diagnose individuals with

increased fall risk [18].

Because poorer balance stability is identified as a

powerful predictor of falls in older adults with cog-

nitive disorders [19–25], balance assessment and, in

particular, the analysis of center-of-pressure (COP)

trajectories recorded using force platforms could be

helpful to understand cognitive impairment-related

changes in postural sway that expose to greater fall

risk [18, 26, 27] (Fig. 1). For example, it has been

reported that MMAD individuals had increased pos-

tural sways, indicative of reduced postural control

[28, 29]. Within this framework of postural control,

it has been shown that postural sway is left unchecked

until a threshold in COP velocity is reached. Veloc-

ity series appear to be bounded between upper and

lower limits, evidencing a velocity-based corrective

control process instead of position-based control of

posture [30]. According to this COP velocity-based

hypothesis, an active control of velocity dynamics for

non­faller older cognitively healthy individuals (CHI),

unlike age-matchedMCI orMMAD subjects, has been

shown recently [18]. By assessing the most sensitive

velocity-based variables, namely the average absolute

maximal velocity (AAMV in mm/s) in the antero-

posterior direction, we found a significant effect of

cognitive status, with higher limits of COP velocity

for MCI andMMAD than CHI. More details about the

relevance and the determination of AAMV variables

can be read in [18, 27].

We had the opportunity to examine the effects of

cognitive decline on COP velocity in the GAIT (Gait

and Alzheimer Interactions Tracking) study, which

is a cross-sectional study designed to compare gait

characteristics of CHI and patients with MCI and

MMAD [18]. The objectives of the present study were

1) to compare the limits of COP velocity in CHI,

MCI, and MMAD participants, and 2) to examine the

association between COP velocity and the cognitive

status and history of falls of subjects. We hypothesized

that the limits of COP velocity dynamics, as essential

sensory information to stabilize posture [30], should

allow a fine clinical discrimination between older

adults with and without cognitive impairment, and

their related fall risk.

METHODS

Participants

From November 2009 to December 2012, a total of

611 older community-dwellers (mean age± standard

deviation, 77.21± 7.89 years; 48.23% female) were

recruited in the GAIT cohort, which is an observa-

tional cross-sectional study designed to examine gait

and balance characteristics of CHI and patients with

MCI and MMAD. The baseline characteristics of the

participants were summarized in Table 1 using means

and standard deviations, or frequencies and percent-

ages, as appropriate. This study was approved by

the Local Ethical Committee of Angers (reference:

n◦ 2009-A00533-54) and was conducted in accor-

dance with the Declaration of Helsinki (1986). The

sampling and data collection procedures have been

described elsewhere [31]. In summary, all participants

were referred for a memory complaint by their pri-

mary care physician to the memory clinic of Angers

University Hospital. Eligibility criteria were age 60

years and over and no acute medical illness in the

three past months. For the present analysis, exclu-

sion criteria were severe AD (i.e., Mini-Mental State

Examination score (MMSE) ≤10), neurological and

psychiatric diseases with the exception of cognitive

impairment, and the inability to stand on one leg for

at least five seconds. Participants in the study were

included after having given their written consent for

research.

Neuropsychological and physical assessment

Neuropsychological assessmentwas performed dur-

ing a face-to-face examination carried out by a

neuropsychologist. The following standardized tests

were used to probe several aspects of cognitive func-

tion:MMSE [32] and Frontal Assessment Battery [33],

Alzheimer’s Disease Assessment Scale-cognitive sub-

scale [34], the TrailMakingTest partsA andB [35], the

French version of the Free andCued SelectiveRemind-

ing Test [36, 37], and the Instrumental Activities of

Daily Living scale [37, 38].

The diagnoses of MCI and AD were made dur-

ing multidisciplinary meetings involving geriatricians,

neurologists, and neuropsychologists of Angers Uni-

versity Memory Clinic, and were based on the

above-mentioned neuropsychological tests, physical

examination findings, blood tests and magnetic reso-

nance imaging (MRI) of the brain.MCI was diagnosed

according to the consensus criteria of Winblad et al.

[39]. Participants with all categories of MCI were

included in this study, i.e., amnestic and non-amnestic,

as well as single and multiple affected domains. The

diagnosis of AD followed the Diagnostic and Sta-

tistical Manual of Mental Disorders, 4th edition and

National Institute of Neurological and Communicative
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Fig. 1. Representative examples of center-of-pressure (COP) trajectories recorded using a force platform (A), as a function of the cognitive

status (CHI, MCI, andMMAD) and fall risk (non-fallers versus fallers) (B). CHI, cognitive healthy individual; MCI, mild cognitive impairment;

MMAD, mild-to-moderate dementia; AP, anteroposterior axis; ML, medio-lateral axis.

Disorders and Stroke and the Alzheimer’s Disease and

Related Disorders Association criteria [40]. A mild

stage of MMAD was defined for a MMSE score≥ 20,

and moderate stage for a MMSE score between 19 and

11. Participants who were neither MCI nor AD and

who had normal neuropsychological and functional

performance were considered as cognitively healthy

[9, 18].

Height (cm), weight (kg), and body mass index

(BMI) (kg/m2) were assessed for each participant. The
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Table 1

Baseline characteristics of participants according to their cognitive status (n= 611)

Total CHI (n= 228) MCI (n= 140) MMAD (n= 243)

Age (years), mean±SDa (1, 2, 3) 77.2± 7.9 72.5± 6.1 74.7± 7.3 83± 5.8

Female gender, n (%)a (2, 3) 290 (47.5) 92 (40.3) 48 (34.3) 150 (61.7)

BMI (kg/m2), mean± SD 26.3± 4.1 26± 3.4 26.4± 4.7 30.7± 9.9

Education level∗ (/4), n (%)a (1, 2, 3) 1 = 33 (5.4); 1 = 1 (2.3); 1 = 4 (2.8); 1 = 28 (11.5);

2 = 307 (50.2); 2 = 77 (33.8); 2 = 75 (53.6); 2 = 155 (63.8);

3 = 172 (28.1); 3 = 86 (37.7); 3 = 42 (30); 3 = 44 (18.1);

4 = 64 (16.2) 4 = 64 (28.1) 4 = 19 (13.6) 4 = 16 (6.6)

Use of psychoactive drugs (yes), n (%)a (2, 3) 82 (13.4) 12 (5.3) 12 (8.6) 58 (23.9)

Medications (total number/day), mean±SDa (2, 3) 4.2 (3.2) 3.1 (2.7) 3.6 (3.1) 5.6 (3.1)

Maximal Handgrip Strength (kg), mean±SDa (2, 3) 26.1± 10.3 30.7± 9.9 29.5± 9.9 19.7± 7.6

Timed Up and Go (s), mean± SDa (2, 3) 13.9± 6.7 10.8± 3.8 11.9± 4.3 17.9± 7.8

MMSE, mean±SDa (1, 2, 3) 24.1± 5.2 28± 2.3 26.1± 2.4 19.3± 4.4

FAB, mean±SDa (1, 2, 3) 14± 3.6 16.5± 1.7 14.9± 2.1 11.1± 3.5

Eyes open AAMV AP (mm.s−1), mean±SDa (2, 3) 18.8± 9.3 15.9± 7.5 17.8± 9.3 22.2± 9.6

Eyes closed AAMV AP (mm.s−1), mean±SDa (2, 3) 22.7± 12.6 19.7± 10.3 22.1± 14.8 26± 12

Falls in previous year, n (%)a (2, 3) 230 (37.6) 74 (32.4) 38 (27.1) 118 (48.6)

χ
2 or univariate one-way analyses of variancewithHSD-Tukey post­hoc testwere used to compareCHI,MCI, andMMADgroups. CHI, cognitive

healthy individual; MCI, mild cognitive impairment; MMAD, mild-to-moderate dementia; BMI, body mass index; MMSE, Mini-Mental State

Examination; FAB, Frontal Assessment Battery; AP, anteroposterior direction; AAMV, absolute averagemaximal velocity. ∗Categorical variable

in four points: 1/no school; 2/secondary school certificate 3/graduate degree; 4/university degree. aMain effect of cognitive status. 1Significant

difference between CHI and MCI groups. 2Significant difference between CHI and MMAD groups. 3Significant difference between MCI and

MMAD groups.

use of psychoactive drugs including benzodiazepines,

antidepressants, or antipsychotics, and the number of

drugs takenper daywere also recorded.Education level

was evaluated as a categorical variable by the number

of years spent in education, as following: 1/no school;

2/secondary school; 3/high school; 4/graduate studies.

Basic mobility was assessed with the Timed Up &

Go test (TUG) [41]. The maximal isometric volun-

tary contraction strength of the hand was measured

with a hand-held dynamometer; the handgripmeasure-

ment was repeated three times on the preferred hand,

with a few seconds of recovery between each effort.

All readings were recorded in kilograms (kg) with one

highest reading chosen for the analysis [42]. Finally,

the participants were interviewed using a standardized

questionnaire, gathering information on the history of

falls over the past year. A fall was defined as an event

resulting in a person coming to rest unintentionally on

the ground or at other lower level, not as the result of

a major intrinsic event or an overwhelming hazard. In

case of mild-to-moderate cognitive impairment, infor-

mation on falls was obtained from a guardian, a nurse,

or a personwho livedwith the participants. All detailed

characteristics of the sample are shown in Table 1.

Postural assessment

The standing postural sway on a firm surface

was measured using a force platform (101× 101 cm;

BioRescue, Dune®, France), equipped with three pres-

sure gauges. The participants were asked to maintain a

barefoot standing position with eyes opened and each

foot positioned on a platform plate that maintained the

distance between the medial sides of the heel at 8.4 cm

with an external rotation angle of 9◦. Participants were

instructed to look straight ahead, with arms kept by the

side of the body, and focused on a visual referencemark

placed in front of them at a 100 cm distance. The pos-

tural test consisted of two trials of quiet stance: stance

with eyes open (EO) and stance with eyes closed (EC).

For each trial of 51.2 s duration (sampling frequency

of 5Hz), the systemwas linked to PosturalRescue® 2.0

software, providing COP series on the antero-posterior

(AP) and medio-lateral (ML) directions of sway. None

of the collected data relative to the COP parameters

were filtered (see Fig. 1). For each visual condition, we

deliberately chose to compute only one variable based

on COP velocity: the average absolute maximal veloc-

ity (AAMV) in AP direction. Indeed, as stated in the

introduction, we recently reported that this dependent

variable was the most sensitive for characterization of

postural control, as a function of visual condition, age,

and cognitive impairment [18]. The AAMV was com-

puted from the COP velocity series by extracting the

maximum and minimum values of the series within

non-overlapping windows (of a length of 2 s). Then

the absolute values of these extremes were averaged

[18, 27].
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Statistics

Participants were separated into three groups based

their cognitive status. Firstly, between-group compar-

isons (i.e., CHI, MCI, and MMAD) were performed

using a one way analysis of variance (ANOVA) with

Bonferroni corrections, HSD-Tukey post­hoc, or Chi-

square test, as appropriate.

Secondly, a single multivariate analysis of covari-

ance (MANCOVA) for the two variables of interest

(i.e., AAMV direction in EO and EC conditions in

the AP direction), with the cognitive status (×3) (i.e.,

CHI, MCI, and MMAD) and the fall risk (×2) (fall-

ers versus non-fallers) as between-participants factors,

and age, gender, BMI, education, use of psychoac-

tive drugs, number of drugs taken per day, handgrip

strength, and TUG as potential confounding factors

(covariates) [21, 43] was performed. The multivariate

Wilks’ lambda F was used for this analysis. p-values

<0.05 were considered as statistically significant. Par-

tial eta square (pη2) values are reported as measures

of effect size. All statistics were performed using

SPSS software (version 20.0; SPSS, Inc., Chicago,

IL).

RESULTS

General characteristics

The mean and standard deviations of the baseline

characteristics of the three groups (CHI, MCI, and

MMAD) are presented in Table 1. Overall, a sig-

nificant difference between the groups was revealed

for all confounding factors: age [F(2, 608) = 177.52,

p< 0.0001], gender [χ2 = 34.2, p< 0.0001], educa-

tion level [F(2, 608) = 55.19, p< 0.0001], use of

psychoactive drugs [χ2 = 462.5, p< 0.0001], medi-

cations (total number per day) [F(2, 608) = 47.27,

p< 0.0001], handgrip strength [F(2, 608) = 102.63,

p< 0.0001], and TUG [F(2, 608) = 97.52, p< 0.0001].

No main effect of cognitive status was shown for

the BMI [F(2, 608) = 1.654, p= 0.192]. Post­hoc anal-

yses systematically showed significant differences

between the CHI and MMAD groups, and between

the MCI and MMAD groups (p< 0.05, Table 1).

Taken together, these results revealed that the MMAD

patients were significantly older and had a higher

prevalence of falls compared to CHI (p= 0.0003)

and MCI (p= 0.0001). They also had a lower hand-

grip strength compared to CHI (p< 0.0001) and MCI

(p< 0.0001).

Posture, cognitive impairment, and falls

Using the multivariate analysis of covariance, con-

trolling for gender, age, BMI, education level, use of

psychoactive drugs, number of drugs taken per day,

handgrip strength, and TUG, significant main effects

of cognitive status (p= 0.048) and fall risk in the past

year (p= 0.033) were shown (Table 2). Post hoc anal-

ysis using Bonferroni adjustment revealed that the

bounding limits ofCOPvelocity dynamicswere signif-

icantly lower in CHI and MCI compared with MMAD

(p< 0.001), but no difference between CHI and MCI

was found (p= 0.102). In addition, the maximal abso-

lute values of COP velocity in the AP direction were

different as a function of fall risk, with higher limits in

fallers on average (+0.73mm·s−1, i.e., 3.5%; p< 0.05).

Note that no cognitive status× fall risk interaction was

found (p= 0.666). Overall, the increase inAAMVs due

to fall risk was statistically identical for each of three

listed groups (CHI, MCI, and MMAD).

DISCUSSION

The present cross-sectional study with a prospective

collection of data owes its originality to comparison

of implicit postural control strategies in older adults

with and without cognitive impairment from MCI to

MMAD, according to their history of falls (i.e., fallers

versus non-fallers). The aimof this studywas to test the

sensitivity of velocity-based posturographic variables,

and to explore the associated postural control strategies

in CHI and in MCI-MMAD older patients for dis-

criminating early cognitive dysfunction and potentially

diagnosing individualswith fall risk. In linewith recent

prospective examination of fall risk factors in MCI or

Alzheimer’s disease [21, 22], our study confirms the

importance of velocity information to optimize postu-

ral sway [30], and as a variable of specific interest for

fall prevention in populations with cognitive impair-

ment [43, 44]. Here, we provide two major findings.

First, in support of our hypothesis, the bounding limits

of COP velocity dynamics (i.e., the average abso-

lutemaximal velocity in the antero-posterior direction)

increased with the highest levels of cognitive impair-

ment, as an index of adverse changes in intermittent

velocity-based control of posture [27]. Second, the

subjects who had fallen showed the highest absolute

values of velocity, suggesting that the control of postu-

ral sway is implicitly corrected and reversed at high

velocity thresholds. Since no cognitive status× fall

risk interaction was found, identical effects of falls in
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Table 2

Mean values (standard deviations) for center-of-pressure velocity-based variables (average absolute maximal velocity –AAMV- in eyes open

and eyes closed conditions in anteroposterior direction) according to cognitive status (i.e., CHI, MCI, andMMAD) and history of falls in the past

year (i.e., fallers versus non-fallers) adjusted on baseline characteristics. F and p values are from multivariate analysis of covariance. Significant

results are indicated in bold type (i.e., p < 0.05). CHI, cognitive healthy individual; MCI, mild cognitive impairment; MMAD, mild-to-moderate

dementia

Between-participant variables F values p-value eta2 Eyes open AAMV Eyes closed AAMV

(mm·s−1) (mm·s−1)

Cognitive status 2.391 0.048 pη2 = 0.009

CHI 15.9 (7.5) 19.7 (10.3)

MCI 17.8 (9.3) 22.1 (14.8)

MMAD 22.2 (9.6) 26 (12)

Fall history (yes versus no) 3.437 0.033 pη2 = 0.011

Non­fallers 17.9 (8.7) 22.4 (12.6)

Fallers 20.3 (10) 23.3 (12.2)

Cognitive status× fall history 0.595 0.666 pη2 = 0.002

CHI – Non-fallers 15.5 (6.7) 19.2 (10.3)

Fallers 17.6 (8.8) 20.7 (10.4)

MCI – Non-fallers 17.5 (9.5) 22 (14.5)

Fallers 18.3 (8.9) 22.2 (15.8)

MMAD – Non-fallers 21.8 (8.7) 26.6 (12.3)

Fallers 22.5 (10.6) 25.2 (11.7)

COVARIATES*

Female gender 8.817 0.000 pη2 = 0.029

Age 5.452 0.005 pη2 = 0.018

Education level 0.34 0.712 pη2 = 0.001

Body mass index 5.47 0.004 pη2 = 0.018

Use of psychoactive drugs 0.056 0.000 pη2 = 0.001

Medications (total number/day) 1.03 0.003 pη2 = 0.008

Maximal handgrip strength 0.941 0.391 pη2 = 0.003

Timed Up & Go 1.684 0.186 pη2 = 0.006

∗Overall to be a female, advanced in age, with increased body mass index, taking a greater number of medications per day tend to enhance the

bounding limits of COP velocity dynamics, indicative of reduced postural control.

past year on the postural performance were observed,

whatever the cognitive status. This lack of interaction

indicates that fall causes alterations in postural con-

trol to the same extent whatever the cognitive status of

older adult. This might strengthen the emerging view

that the bounding limits of COP velocity dynamics are

primarily relevant for capturing the progression of cog-

nitive impairment [18]. But when falls and cognitive

impairment are analyzed together, the velocity-based

variables, despite the good sensitivity for revealing the

effects of group or fall risk factors on postural con-

trol, may be not sufficient, in particular for MMAD. In

fact, there may be real difficulties to take account for

multicollinearity among potential confounding vari-

ables and the inclusion of multiple parameters in the

samemodel [45].Adata reduction of high-dimensional

balance data to a low-dimensional set of essential fea-

tures may be also helpful to refine the categorization of

patients (MCI or MMAD) with or without risk of falls,

while scanning a large number of potential confound-

ing variables that may highly constrain the relationship

between the cognitive impairment-related changes in

postural control and risk of falls. In summary, the orig-

inal comparison of older adults with different levels

of cognitive impairment (CHI, MCI, and MMAD) and

the present findings highlighted a promising hallmark

of early cognitive dysfunction, even when explored on

range of main confounding factors related to postural

instability and falls [18, 21, 43].

Like prior studies and the difficulty of accounting

for variables associated with force platform data in

predicting falls (even in prospective follow-up studies)

[46–48], our results support the idea that the dynamic

dimension of balance assessment is of primary interest

for discriminating elderly populations with and with-

out cognitive impairment and high fall risk [18, 27].

This statement is in line with recent studies showing

that changes in postural sway (assessed by path length

of COP, a velocity-based variable) are associated with

an increased fall risk in MCI [21, 23]. In summary, we

argue that the relevant postural variables for identify-

ing early cognitive impairment and the associated fall

risk should address more than just the static nature of

COP variables but also the analysis of velocity-based

postural control strategies as a crucial component of

falls prediction (and de facto primary prevention pro-
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grams). In view of the current retrospective recording

of falls, further research is required to test and validate

this assumption in a prospective independent cohort.

These resultsmaynevertheless have implications for

improved clinical utilization of posturography [49], by

collecting first and foremost new COP velocity-based

variables, namely the AAMV in the AP direction.

On that basis, a decline in reweighting of velocity

information revealed byhighAAMVvalues both inEO

and EC conditions can be an effective index of changes

in the sensory integrationprocess,which is essential for

maintaining balance in older adults [50]. In neurophys-

iological studies, velocity information in implicit con-

trol strategy during quite stance has been found to be

of great importance in CHI, by themodulation of ankle

extensor muscle activity [30, 51]. Because of well-

documented progressive changes to critical regions of

the brain that underlie executive decline and motor

dysfunction in MCI and MMAD (e.g., the prefrontal

cortex) [52–54], the association between changes in

reweighting velocity information, the cognitive status

and the fall risk might reflect a deficit in active COP

velocity control or correction processes [27, 30]. This

assumption is in line with the contribution of the pre-

frontal cortex to the maintenance of postural balance

and the underlying pathophysiology of falls [55, 56].

Some limitations of this study need to be considered.

First, it should be noted that the number of persons

with MCI identified as fallers in this study was rela-

tively low (n= 38), compared with CHI (n= 74) and

MMAD (n= 118), and the size of MCI sample should

be increased to reinforce the statistical power. Second,

the findings of a powerful postural hallmark of cogni-

tive impairment and associated fall risk reported here

are not applicable to patients with severe dementia,

although it is likely that these patients will also display

an altered intermittent control of velocity (i.e., highest

absolute values of the threshold that bound the dynam-

ics of velocity). Finally, the cross-sectional design

and the recruitment performed in a single memory

clinic may be limitations to exploring the association

between the implicit postural control strategies, the

cognitive status or the fall risk compared to a prospec-

tive cohort design.

CONCLUSIONS

This study identified the bounding limits of COP

velocity dynamics through the easy computation of

AAMV in EO and EC conditions as a promising

postural hallmark of cognitive impairment with a

strong association between poorer cognitive ability

and poorer balance performance. Moreover identify-

ing people with andwithout cognitive impairment who

are at risk of falls risk via the evaluation of the pos-

tural control strategies might be a valuable window

of opportunity for fall-prevention interventions. For

example, we suggest that the postural control strategies

in MMAD might be positively modified by consid-

ering a walking exercise program as a safe means

for the optimization of this sensory input recalibra-

tion process [57, 58]. Precisely, the effects of specific

exercise might improve the ability of the central ner-

vous system to predict themuscle activation locomotor

pattern needed to perform the movement. This feed-

forward control process could be recalibrated based

on sensory information provided by peripheral com-

mands [59]. With exercise, the central nervous system

would become more efficient in predicting the optimal

motor response, because of an optimized feedfor-

ward control, and possibly in preventing the postural

(velocity-based) control alterations and fall risk in the

elderly [60, 61]. In any case, further studies focusing

upon these specific assumptions are needed to deter-

mine whether this potential postural hallmark is also

validated and applicable within an independent cohort

of cognitively impaired older people for fundamental

and clinical purposes of prediction of cognitive decline

and associated fall risk.
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tasks. The cognitive processing of inputs that specify the esti-
mated consequences of motor action is discussed as the main 
explanation for the inability to successfully update the per-
ception of action capabilities after sleep deprivation.

Keywords Sleep deprivation · Perception · Action 
capabilities · Cognition

Introduction

Human beings are flexible actors, quite capable of changing 
their intended action to produce alternative behaviors. How-
ever, performing a given behavior successfully requires one 
to perceive a specific action as possible to perform, and sub-
sequently to understand the ways in which body movements 
must be controlled to actually perform that action. Such pos-
sibilities for behavior known as action “affordances” (Gibson 
1979; Warren 1984) reflect the task-specific fit between the 
properties of the environment and the individual’s capabili-
ties for movement. Ellis and Tucker (2000) suggested that the 
brain representation of a whole action potentiated by the envi-
ronment can be sub-divided into sensorimotor components. 
One main component specifically involving the dorsal neural 
pathway relates to perception of action capabilities (Binkof-
ski and Buxbaum 2013; Borghi and Riggio 2009; Thill et al. 
2013). Thus, the present study examined the effects of sleep 
deprivation on the perception of action capabilities in a judg-
ment task of (successfully) stepping-over a bar (Burton 1992; 
Fajen and Matthis 2011; Jiang and Mark 1994).

Changes in one’s perception of action capabilities

A plethora of studies suggest that people are adept at relating 
(updating) visual information to their action capabilities to 

Abstract Changes in a subject’s state have been shown to 
modulate the perceptual update of his or her action capabili-
ties. In parallel, sleep deprivation impairs in cognitive func-
tions. It involves common neural structures that support the 
perception of successfully achieving a motor task. Thus, the 
study investigated the effect of 24 h of sleep deprivation on 
the perception of action capabilities. Twenty-four healthy 
participants were randomly separated into two groups (con-

trol group vs. 24 h sleep deprivation group). Participants in 
the control group slept at home according to their habitual 
sleep–wake schedule. The 24-h sleep deprivation group 
stayed awake in the laboratory. Participants estimated the 
limit of their maximal height of stepping-over a bar before 
and after the sleep intervention. These estimations were com-
pared to each participant’s actual maximal stepping-over 
height. Physical performance (measured by maximal volun-
tary quadriceps contraction and repetitive vertical jumping 
tests) and perceptual inhibition tests (measured by choice 
reaction time tasks) were also performed for three sessions at 
three time points t0, t+12h, and t+24h with t0 = 8:00 a.m. for all 
participants. Participants in the 24-h sleep deprivation group 
showed impairments in perceived over-stepping performance 
and impaired cognitive functioning (higher reaction time), 
while no changes were observed in actual performance in the 
over-stepping, voluntary quadriceps contraction, or jumping 
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promote the effective selection and execution of actions (Fajen 
et al. 2009; Higuchi et al. 2011; Malek and Wagman 2008; 
Ramenzoni et al. 2008; Regia-Corte and Wagman 2008; Stof-
fregen et al. 1999; Weast et al. 2011; Yu et al. 2011). However, 
numerous studies showed that changes in the perceiver-actor’s 
state (e.g., fitness level, fatigue, pain, age, anxiety) influence 
the perception of action capabilities (Bhalla and Proffitt 1999; 
Deschamps et al. 2014; Graydon et al. 2012; Hackney and 
Cinelli 2013; Pijpers et al. 2006, 2007; Sakurai et al. 2013).

In spite of substantial evidence highlighting the rela-
tive difficulty to accurately update the perception of action 
capabilities during periods when perceivers experience 
altered adaptive/homeostatic needs, to the best of our 
knowledge, no study has directly investigated whether 24 h 
of total sleep deprivation (TSD) could have an effect on 
an individual’s perception of his or her own action capa-
bilities. Given the evidence that TSD attenuates a person’s 
ability to perform a variety of psychomotor tasks (Frey 
et al. 2004; Patel et al. 2008; Scott et al. 2006), it could 
be suggested that the failure to update one’s perception of 
his or her action capabilities could increase the risk of acci-
dents in night shift work, decrease performance in military 
personnel or athletes, or decrease performance on a vari-
ety of everyday tasks (Graydon et al. 2012; Hackney and 
Cinelli 2013; Sakurai et al. 2013). Thus, this study aimed 
to investigate the effects of TSD on the perception of action 
capabilities, with assessments of performance across cog-
nitive and physical domains as parallel outcome measures. 
Even if TSD did not establish adverse effects on partici-
pants’ “meta-cognitive” ability to accurately assess their 
own cognitive performance (e.g., Baranski and Pigeau 
1997; Baranski et al. 1994; Dorrian et al. 2000), this study 
addressed the role that the cognitive and/or sensory-motor 
functions may play in the expected adverse effects of TSD 
on the perception of action capabilities.

Consequences of total sleep deprivation on cognition

Consequences of TSD (defined as a case of sleep reduction 
in which the organism is awake for an unusually prolonged 
period of time) on cognitive abilities, executive perfor-
mance, mood, behavior, and/or an organism’s state are well 
established (see Killgore 2010; Orzel-Gryglewska 2010; 
Poudel et al. 2013, for recent reviews). Specifically, numer-
ous studies have shown clear detrimental effects of TSD on 
cognitive functions, including decision-making, planning 
skills, and vigilant attention (Zhang and Liu 2008). For 
example, inhibition efficiency in a classic Go-No Go task is 
impaired following TSD (Drummond et al. 2006). Broadly 
speaking, such research has revealed that cognitive control, 
and specifically our executive mental function responsible 
for updating appropriate actions and for inhibiting inappro-
priate responses, declines as a function of time spent awake 

(Ratcliff and Dongen 2009). Beyond these consistent find-
ings, it remains unclear whether the relationship between 
cognitive functioning and TSD affects the perception of 
action capabilities.

Even if not directly investigated, knowledge about 
the neurophysiological mechanisms involved in the per-
ception of action capabilities and TSD-related cognitive 
impairment might guide our hypotheses. Indeed, Thill 
et al. (2013) presented a recent review of neurophysiologi-
cal models of neuronal systems involved in the selection 
and specification of the perceived appropriate action. This 
selection is accomplished based on top-down processes 
that mainly occur within the prefrontal cortex (PFC) and 
act on various stages of the dorsal neural pathways, includ-
ing the premotor cortex, which is involved in the prepara-
tion/execution of actions (Cisek 2007). Along with these 
recent studies, the effect of TSD on cerebral responses to 
cognitive performance (e.g., response inhibition) has been 
found to be associated with activation in the PFC and pre-
motor areas, among others (Chuah et al. 2006; Smith et al. 
2013). Considering all these arguments, we predict that 
the adverse effects of TSD on cognitive control would also 
influence the perception of action capabilities because of 
the significant role of PFC.

Consequences of total sleep deprivation on physical 
performance

Total sleep deprivation (TSD) of up to 24 h has not been 
shown to influence physical performance capabilities or 
cardiovascular responses to exercise (Oztürk et al. 2007; 
Souissi et al. 2003; Vardar et al. 2007). Nevertheless, the 
effect of TSD on muscular capabilities remains unclear. 
Meney et al. (1998) reported that one night of TSD did 
not decrease the strength in the muscles of the hand, leg, 
or back on the day right after TSD; on day 2, only a sig-
nificant decrease in back strength was observed. On the 
other hand, some studies have found that maximal vol-
untary contraction of quadriceps decreased more in a 
TSD condition than in a control condition (without sleep 
deprivation) when subjects performed previously inter-
mittent sprints (Skein et al. 2011). Because the integra-
tion of sensory-motor inputs might guide the perception 
of action capabilities, the effects of TSD on performance 
were assessed in a force production task (quadriceps 
maximal voluntary contraction) and an inter-limbs coor-
dination task (repetitive vertical jumping). As the exten-
sors of lower limbs are the main muscles activated when 
actually performing our experimental task of stepping-
over a bar, these two aforementioned performances are 
functionally relevant to participants’ stepping-over capa-
bilities. Thus, we predicted that physical performance 
would be not altered by sleep deprivation because the 
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selected tasks did not require a long exhausting engage-
ment of participants, unlike Skein et al. (2011), but rather 
an assessment of muscular qualities of force, velocity, 
and coordination at a given time.

Aims of the study and hypotheses

In short, prior research has shown that sleep deprivation 
has various effects on human performance at different 
levels of functioning (see Boonstra et al. 2007 for an inte-
grated review) and has main effects on executive function. 
However, the effects of exercise on cognitive functioning 
and motor performance after TSD still need to be clarified. 
Therefore, in the current experiment, we aimed to charac-
terize the effects of TSD on the perception of action capa-
bilities in a task of stepping-over a bar. We hypothesized 
that a TSD of 24 h would be associated with a decrease in 
the perceived ability to perform the task (but not a decrease 
in actual performance) because of the adverse effects of 
TSD on the efficiency of cognitive functioning. Inhibitory 
function, assessed by two-choice reaction time tasks, was 
also expected to be vulnerable to 24-h TSD (i.e., highest 
reaction times at t+24h).

Methods

Participants

Twenty-four students (50 % females) at the University 
of Nantes (France) aged 21.4 ± 5.3 years (mean ± SD) 
(height = 171.5 ± 0.09 cm, weight = 67 ± 12.78 kg) vol-
unteered to participate in the present experiment. Partici-
pation included a 2-day protocol and three sessions (at t0, 
t+12h, and t+24h). Participants were equally and randomly 
divided into two experimental groups: a “control” group 
(mean age 20.08 ± 2.23 years; six women; body mass 
index 21.41 ± 5.39 kg m−2) and a 24-h sleep deprivation 
group (G24-SD) (mean age 22.66 ± 7.15 years; six women; 
body mass index 23.05 ± 1.82 kg m−2). Independent sam-
ple t tests revealed no difference in age or body mass index 
between groups [t(22) = 1.19, p = 0.24, t(22) = 0.99, 
p = 0.32, respectively]. No participants exhibited any 
visual (or corrected vision) or physical impairment, any 
psychiatric or neurological disorders, or took long-term 
medications. Participants were asked to avoid the intake 
of caffeine, nicotine and alcohol the day before and during 
the experiment. Students were not paid for their participa-
tion in the experiment, and they had no previous experience 
with the experimental tasks. They were clearly informed of 
the experimental tasks before providing written consent. 
This study was conducted according to the Helsinki State-
ment (1964).

Tasks and apparatus

Self-estimated or actual stepping-over capabilities

The apparatus consisted of two separate poles (120 cm 
in height) and a bar (120 cm long, 1.6 cm diameter) laid 
across them. The experimenter manually laid the bar on 
wedges. The wedges were hidden from subjects and could 
be adjusted at intervals of 2.5 cm (Fig. 1).

For each of three experimental sessions, a series of per-
formance estimates and actual performance was recorded. 
Participants were first asked to estimate the maximum 
height of the bar that they could step over (perceived Hmax 
in cm). The criteria for the stepping-over action were that 
participants had to step over the bar without holding onto 
anything else and without jumping (i.e., they always had to 
keep at least one foot on the ground). As the experimenter 
moved the bar in randomized discrete steps (excluding hys-
teresis effect), the participants were asked to say “yes” or 
“no” as they judged whether or not they would be able to 
cross the bar according to the aforementioned criteria. Two 
blocks of estimates were performed, with a random pres-
entation of eleven bar positions ranging from 70 to 95 cm. 
Then, the actual maximum height of stepping-over the bar 
(actual Hmax in cm) was measured. The bar’s height was 
successively increased until the participant could not step 
over the bar without holding on to something or jumping 
for two consecutive trials, or when the bar dropped or the 
participant refused to step over. As soon as the experi-
menter judged that the maximal height was reached, the 
same bar height was tested a second time to assess the con-
sistency of actual performance.

Quadriceps maximal voluntary contraction

During each experimental session, the participants per-
formed maximal voluntary isometric contractions (MVCs) 
of the quadriceps femoris muscles to quantify the maximal 
force production for their dominant leg. Force production 
was performed on a Biodex® System 3 Pro dynamometer 
(Biodex Medical Systems, Shirley, NY), with the angle 
of the knee joint set at 70° (Blazevich et al. 2007). After 
a warm-up of 5 min, participants received encourage-
ment while performing two MVC trials (about 5 s each), 
separated by 2 min of rest. The best performance was 
considered.

Vertical jumping test

An infrared timing system (Optojump, Microgate SRL, 
Rome, Italy) was used to conduct a functional vertical 
jumping test. In each session, participants were required to 
perform five consecutive countermovement vertical jumps, 



2246 Exp Brain Res (2014) 232:2243–2253

1 3

with instructions to reach and maintain a maximal height 
with each jump. No time constraint was imposed.

Cognitive tasks

Based on reaction times to specific stimuli on a computer 
screen, a test of perceptual inhibition was performed by 
exactly replicating the MAPIT protocol (see Redfern et al. 
2009 for details). For this perceptual task, participants 
saw a black arrow pointing either to the left or to the right 
and were instructed to press a corresponding key assigned 
either to left- or right-pointing arrows. Participants viewed 
two types of trials: congruous and incongruous. In con-
gruous trials, the spatial location of the 2-cm-long arrow 
(which appeared 15 cm to the right or left of the central 
fixation point on the screen) corresponded with the direc-
tion the arrow pointed (e.g., a left-pointing arrow appeared 
to the left of fixation). In incongruous trials, participants 
were instructed to inhibit processing the arrow’s spa-
tial location and to focus only on the direction it pointed. 
Thus, the arrow pointed to the direction that did not cor-
respond with its location (e.g., a right-pointing arrow 
appeared to the left side of central fixation point). Two 
blocks each included 20 congruous and 20 incongruous 

randomly intermixed trials, for a total of 80 trials. The 
participants’ reaction time (RT) was measured as the time 
elapsed between the presentation of the arrow and the 
onset of the key press. A trial started with the presenta-
tion of a black central fixation cross for 300 ms followed 
by the arrow’s display, which was presented for 300 ms. 
The interval between the warning signal (the cross) and 
the response signal (the arrow) was preset and varied ran-
domly between 1 and 2 s so that the participant could not 
anticipate stimulus onset (Mendelson et al. 2010). Partici-
pants were allotted a maximum of 2 s to respond and were 
given no feedback about their reaction time, even in the 
case of a response error. The inter-trial interval was fixed 
at 2 s after the participant’s response.

As in previous studies (Nassauer and Halperin 2003; 
Redfern et al. 2009), the spatial response tendency was 
reinforced just prior to congruous/incongruous blocks by 
presenting 40 visuo-spatial two-choice RT trials in which 
participants responded to a black rectangle presented 
in either the right or the left of the computer screen with 
the congruous key (i.e., a two-choice RT with spatial 

uncertainty). In addition, two separate blocks of 40 two-
equiprobable choice RT baseline trials were presented 
just prior to and after these blocks. In these baseline trials, 

Fig. 1  Experimental set-up
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arrows were presented in the center of the screen, randomly 
pointing either to the left or to the right, and participants 
responded with the key corresponding to the direction of 
the arrow (i.e., a two-choice RT with directional uncer-

tainty). The inter-trial interval was fixed at 2 s.
In sum, participants completed 200 two-choice reaction 

time trials in about 25 min.

Subjective self-assessments

Before and after each session, participants were asked to 
answer three questions (via a 100 mm visual analogue scale 
calibrated from 0, “not at all,” to 100, “absolutely”) about 
their physical fitness (“I am feeling physically in great 
shape”), attentional fatigue (“I am feeling mentally and 
attentionally fit”), and sleepiness (“I am feeling sleepy”). 
The three items were presented successively in random 
order, and participants had to draw a vertical mark on the 
100 mm line. The distance of the vertical mark from the 
left extremity (“not at all”) was measured manually in cen-
timetres and considered for analysis.

Experimental protocol

For all participants, the 2-day protocol included three 
sessions, at about 8:00 a.m. and 8:00 p.m. ± 15 min on 
the first day (day 1) and at 8:00 a.m. ± 15 min the next 
morning (day 2). Note that the 8:00 a.m. assessments did 
not require participants to awaken earlier than they would 
normally to arrive for testing because their courses started 
at 8:00 a.m. every day. For the control group, participants 
slept at home in their bed according to their habitual 
sleep–wake schedule (mean sleep duration of 6.8 ± 0.6). 
The 24-h sleep deprivation group was sleep deprived for 
about 25.9 h ± 0.4, while three experimenters took turns 
observing participants in order to ensure that they did not 
fall asleep. Participants were allowed to engage in non-
strenuous activities, such as reading, listening to music, 
watching videos, and conversing. Participants performed 
all aforementioned tasks in a random order within each 
session with the exception that the cognitive tasks were 
always completed last.

Data analysis and statistics

All data were normally distributed; thus, values are 
reported as mean ± SD (or SE) throughout the text and the 
figures. Note that all estimates made at t0 were considered 
as the baseline performance of participants. Specifically, 
we assumed that the baseline over- or under-estimation 
(i.e., differences between perceived and actual Hmax) can be 
derived from individuals’ inability to consider experimen-
tal restrictions when making judgments regarding actions 

(Fischer 2000; Graydon et al. 2012) and/or from individual 
characteristics (such as expertise or fitness level), which 
have also been shown to influence perception of action 
capabilities (Bhalla and Proffitt 1999; Higuchi et al. 2011; 
Weast et al. 2011). Focusing on the dynamics of the percep-
tion of action capabilities as a function of sleep deprivation 
conditions, the baseline difference between perceived Hmax 
and actual Hmax at t0 was thus removed from the perceived 
Hmax collected at t0, t+12h, and t+24h.

Stepping-over capabilities

To test the effects of time-of-day and sleep deprivation on 
the perception of action capabilities, we compared maxi-
mum estimate and actual performance during the three ses-
sions as a function of Group. Thus, an analysis of variance 
(ANOVA) with 3 within-participants factors (Session—t0, 
t+12h, and t+24h) and 2 (Group) between-participants fac-
tors was performed for each dependent variable. To provide 
additional insight into the effect of sleep deprivation on the 
relationship between the perception of action capabilities 
and actual performance, the ratio of perceptual estimation 
divided by the actual performance was calculated. A ratio 
of one indicates a perfect match, whereas a ratio greater or 
less than one indicates an over- or under-estimation, respec-
tively. As the data were normalized as a function of the 
baseline difference between perceived Hmax and actual Hmax 
at t0, only the ratios were compared at t+12h, and t+24h, using 
Mann–Whitney U tests.

Physical measures

For the mean vertical jumping performance (mean height 
in cm of five consecutive jumps) or the maximal voluntary 
quadriceps contractions, similar 3 (Session) × 2 (Group) 
two-way ANOVAs were carried out to verify that partici-
pants’ physical abilities were similar across groups, even 
though one group of participants was sleep deprived.

Reaction time measures

Mean RTs for each task (i.e., the two-choice RT with spa-
tial uncertainty, the two-choice RT with directional uncer-
tainty, and the perceptual congruous or incongruous RT) 
were computed for each participant. For all these four 
tasks, a 3 (Session) × 2 (Group) ANOVA was carried out 
with each mean RT as dependent variable.

Self-assessments

For each item (“sleepy,” “physically fit” and “attentionally 
fit”), a 3 (Session) × 2 (Group) ANOVA was conducted 
using the mean scores (in cm) as the dependent variable.
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For each analysis, the level of significance was p < 0.05. 
Following significant effects, the least significant difference 
comparisons were used as post hoc tests. Whenever the sphe-
ricity assumption in a repeated-measures ANOVA was vio-
lated (Mauchly’s test), the corrected tests of significance were 
used. In that case, paired t tests were used as post hoc com-
parisons (with alpha levels corrected for multiple compari-
sons). Partial eta squared (pη

2) values are reported as measures 
of effect size, with moderate and large effects considered for 

pη
2 = 0.07 and pη

2 ≥ 0.14, respectively (Cohen 1988).

Results

Stepping-over capabilities

Perceptual boundaries

The mean maximal perceived Hmax was used as the per-
ceptual boundary in that condition. Overall, the percep-
tual boundary was equivalent across groups (main effect of 
Group: F(1, 22) = 2.025, p = 0.169, pη

2 = 0.084), with a 
perceived Hmax at 79.09 ± 6.59 versus 83.06 ± 7.81 cm for 
G24-SD and GCONT, respectively. Moreover, the Hmax was iden-
tical across sessions (main effect of session at t0, t+12h, and 
t+24h: F(2, 44) = 0.446, p = 0.598, pη

2 = 0.02), indicating 
that participants estimated their maximal height consistently 
over time. Finally, a decrease in perceptual boundary was 
apparent at t+24h as compared to t0, but only for the G24-SD 
[Group × Session interaction: (F(2, 44) = 3.895, p = 0.027, 

pη
2 = 0.15)]. Precisely, participants in the G24-SD estimated a 

shorter height at t+24h compared to t0 (−3.58 cm, i.e., 4.42 %; 
p = 0.01). For the GCONT, equivalent values at t0 and t+24h 
were found (+1.77 cm, i.e., 2.15 %; p = 0.201) (Fig. 2).

Actual behavioral boundaries

Behavioral boundaries were equivalent across sessions 
(main effect of Session: F(2, 44) = 2.543, p = 0.09, 

pη
2 = 0.104), with similar actual Hmax performances at 

t0 (81.56 ± 5.35 cm), t+12h (81.66 ± 5.29 cm), and t+24h 
(82.91 ± 4.87 cm). The analysis indicated identical per-
ceived performance between groups [F(1, 22) = 0.26, 
p = 0.608, pη

2 = 0.012; 81.52 ± 5.86 cm for G24-SD ver-
sus 82.56 ± 4.32 for GCONT]. In addition, no significant 
Group × Session interaction was found [F(2, 44) = 0.34, 
p = 0.713, pη

2 = 0.015], evidencing no change in actual 
stepping-over performance as a function of sessions.

Ratio

The ratio of perceptual boundary divided by the actual 
boundary was statistically equivalent between the GCONT 
(1.01 ± 0.09) and the G24-SD (0.97 ± 0.05) at t+12h 
(Z = 1.38; p = 0.16). But the G24-SD underestimated their 
action capabilities at t+24h, with a lower ratio (0.93 ± 0.05) 
than participants in the GCONT (1.00 ± 0.08) (Z = 2.10; 
p = 0.03).

Functional measurements

Vertical jumping performance

The ANOVA for jumping mean height revealed a 
main effect of Session [F(2, 44) = 7.83, p < .001, 

pη
2 = 0.272], with a significant improvement at t+12h 

(26.73 ± 5.17 cm) as compared to t0 (25.48 ± 5.3 cm) 
and t+24h (25.44 ± 5.2 cm). The performances were sta-
tistically equivalent between groups (no main effect of 

Fig. 2  Group × Session inter-
action for perceptual boundaries 
(in cm), namely the perceived 
maximal height of stepping-
over the bar. Error bars cor-
respond to the SE. Significant 
differences at *p < .05
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Group: G24-SD versus GCONT: F(1, 22) = 0.025, p = 0.87, 

pη
2 = 0.001), and no significant Session × Group interac-

tion (F(2, 44) = 0.028, p = 0.97, pη
2 = 0.001), indicating 

that participants maintained their jumping performance 
regardless of the sleep deprivation condition.

Maximal voluntary quadriceps contraction

The analysis of variance revealed similar MVC scores at 
t0 (185.21 ± 53.22 N m−1), t+12h (192.43 ± 56.69 N m−1), 
and t+24h (189.73 ± 52.84 N m−1): F(2, 44) = 0.894, 
p = 0.416, pη

2 = 0.047. Overall, both groups performed 
similarly [F(1, 22) = 0.64, p = 0.431, pη

2 = 0.044], with 
198.27 ± 44.8 N m−1 and 180.75 ± 59.88 N m−1 for 
G24-SD and GCONT, respectively.

Reaction time measures (RT)

All mean RTs collected during the perceptual inhibitory 
test protocol are summarized in Table 1. Considering all 
participants and all cognitive tasks, relatively few errors 
were made: 5.75 % of the RTs (i.e., 276 of 4,800 RTs). 
Note also that the G24-SD made more errors than the par-
ticipants in GCONT, especially in the congruous/incongruous 
RT conditions at t+24h (6.35 vs. 2.08 %, respectively).

All ANOVAs revealed similar RT scores between 
groups. However, these analyses also revealed a main effect 
of Session (except for the choice reaction time task with 
directional uncertainty) and a systematic Session × Group 
interaction for all RT tasks (see Table 2 for all statistical 
results). Overall, these findings indicate that mean RTs 

Table 1  Mean reaction time performances (RTs) for the four probe reaction time tasks as a function of group (the “24-h sleep deprivation” 
group—G24-SD—and the “Control” group—GCONT), and Session (at t0, t+12h and t+24h)

Mean RTs (95 % confidence 
limits)

t0 t+12 h t+24h

G24-SD GCONT G24-SD GCONT G24-SD GCONT

Two-choice RT with spatial 
uncertainty (ms)

347.83
(327.98; 367.68)

352.16
(327.98; 367.68)

346.25
(319.22; 373.27)

333.91
(316.06; 351.76)

395.34
(327.57; 463.12)

334.67
(312.34; 356.98)

Two-choice RT with directional 
uncertainty (ms)

414.51
(389.46; 439.56)

404.75
(383.7; 425.79)

404.5
(379.8; 429.21)

387.9
(362.01; 413.78)

440.08
(397.3; 482.86)

387.14
(354.78; 419.49)

Perceptual congruous RT (ms) 470.38
(435.18; 505.59)

474.38
(433.97; 514.8)

443.24
(410.47; 476.01)

449.46
(411.46; 487.47)

489.94
(434.47; 545.41)

439.82
(402.66; 476.97)

Perceptual incongruous RT (ms) 531.26
(492.69; 569.83)

523.9
(478.86; 568.94)

499.06
(456.93; 541.19)

491
(452.18; 529.81)

576.42
(500.38; 652.47)

490.73
(450.41; 531.04)

Table 2  Analysis of variance results (F values) for all the choice RT measures for the different factors

Factors were Group and Session. Degrees of freedom are shown in parentheses

RT reaction time

* p < .05, ** p < .01
1 Significant difference between t0 and t+12h
2 Significant difference between t0 and t+24h
3 Significant difference between t+12h and t+24h
a Significant difference between t0 and t+24h for the G24-SD
b Significant difference between the G24-SD and the GCONT at t+24h

Bold values are statistically significant at p < 0.05

Mean RTs Group Session Session × Group

(1, 22) (2, 44) (2, 44)

Two-choice RT with spatial uncertainty (ms) 1.509
(pη

2 = 0.07)
3.887*(3)

(pη
2 = 0.163)

5.99**(a, b)

(pη
2 = 0.231)

Two-choice RT with directional uncertainty (ms) 2.66
(pη

2 = 0.108)
2.28
(pη

2 = 0.094)
3.70*(a, b)

(pη
2 = 0.144)

Perceptual congruous RT (ms) 0.314
(pη

2 = 0.014)
4.205*(1, 3)

(pη
2 = 0.16)

5.961**(b)

(pη
2 = 0.231)

Perceptual incongruous RT (ms) 1.516
(pη

2 = 0.064)
5.033*(1, 3)

(pη
2 = 0.186)

5.929**(a, b)

(pη
2 = 0.212)
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increased from the first session (t0) to the third (t+24h) for 
participants in the GCONT, but not for participants in the 
G24-SD. Moreover, RTs were significantly higher for the 
G24-SD than the GCONT at t+24h (Table 1). For example, 
when considering the perceptual inhibition tests, partici-
pants from G24-SD obtained higher RTs at t+24h compared 
to the GCONT for perceptual congruous trials (+50.12 ms, 
i.e., 11.13 %; p < .01) and perceptual incongruous trials 
(+85.69 ms, i.e., 17.46 %; p < .04) (Fig. 3). When com-
bined with the error data, these results were not due to a 
speed–accuracy trade off. 

Self-assessments

For each question (“physical fit,” “attentionally fit,” and 
“sleepiness”), the analyses revealed a main effect of Group 

(all Fs > 6.85; p < 0.02), a main effect of Session (all 
Fs > 9.45; p < 0.001), and a systematic Session × Group 
interaction (all Fs > 9.97; p < 0.001). Overall, the partici-
pants in the G24-SD felt more physically and attentionally 
tired and perceived a higher level of sleepiness compared 
to the participants in the GCONT, especially at t+24h (Fig. 4).

Discussion

Our aim in the current study was to investigate the effects 
of 24 h of acute TSD on the perception of action capabili-
ties by examining the perceptual and behavioral boundaries 
(perceived or actual Hmax) in a task of stepping-over a bar. 
The current study also tests for parallel changes in cogni-
tive functioning (assessed through choice reaction time) 

430

470

510

550

590

630

430

470

510

550

590

630
*

M
ea

n
R

T
s

t0 t+12h t+24h t0 t+12h t+24h

Perceptual Congruous Condition Perceptual Incongruous Condition

*

* *

*

G24-SD

GCONT * *

430

470

510

550

590

630

430

470

510

550

590

630
**

M
ea

n
R

T
s

t0 t+12h t+24h t0 t+12h t+24h

Perceptual Congruous Condition Perceptual Incongruous Condition

**

* ** *

*

G24-SD

GCONT

G24-SD

GCONT * ** *
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Error bars correspond to the SE. Significant differences at *p < .05
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respond to the SE. Significant differences at *p < .05
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and/or in physical performance and motor skills (assessed 
with force production and vertical jumping tests).

As expected, participants exhibited lower perceived 
Hmax after one night of sleep deprivation (at t+24h) but no 
concomitant change in actual performance over time was 
observed. This means either that individuals had rather 
conservative estimates of their action capabilities at t+24h 
(Dorrian et al. 2000; Graydon et al. 2012) or they showed 
a misperception of their stepping-over action capabilities, 
evidencing their cognitive vulnerability to extended wake-
fulness periods when relating visual information to their 
action capabilities. Indeed, no change in physical perfor-
mance (i.e., vertical jumps and maximal voluntary con-
tractions of the quadriceps femoris muscles) was found 
in either the 24-h sleep deprivation group or the control 
group, while an impairment in inhibitory process was only 
observed only in the deprivation group. Contrary to the 
findings of Baranski et al. (1994), evidencing that cognitive 
performance self-assessments are unaffected by TSD, this 
is the first study to demonstrate that the “sensory-motor” 
ability to estimate one’s own motor ability is vulnerable to 
extended wakefulness.

This study cannot distinguish with certainty which 
of these alternatives (i.e., intentionally conservative 
estimates or altered cognitive functioning) explains the 
results. The potential for participants in the TSD condi-
tion to modify their performance to increase a “safety 
margin” is particularly relevant when motor tasks may 
induce risky behaviors (i.e., falling) and a high risk of 
accident (Comalli et al. 2013; Jones et al. 2006). Thus, 
it could be assumed that participants in the TSD group 
moderate their performance estimates to expose the sys-
tem to less risk as a protective mechanism (Deschamps 
et al. 2014) and their ability to accurately assess the 
cognitive performance impairment (Dorrian et al. 2000; 
Baranski and Pigeau 1997). But we assume that the pre-
sent experimental stepping-over task did not induce a 
highly risky context. As outlined in the introduction, it 
can be reasonably hypothesized that sleep deprivation 
led to a misperception of action capabilities because of 
impaired cognitive functioning.

Are the changes in perceptual performance independent (or 
not) from changes in actual performance?

Above all, the findings on perceptual boundaries have to 
be discussed regarding the dynamics of actual boundaries 
(Comalli et al. 2013). Previous research has shown that the 
perception of action capabilities can vary (or not) in a con-
comitant way with changes in actual performances (Des-
champs et al. 2014; Hackney and Cinelli 2013; Malek and 
Wagman 2008; Regia-Corte and Wagman 2008). For exam-
ple, Noël et al. (2011) investigated the perceptions of their 

ability to cross over a bar among both young and elderly 
adults. The updating of perceptual boundaries was consist-
ent with changes in actual action capabilities, although they 
were inaccurate. Indeed, whereas the older adults perceived 
that their actual performance was lower compared to young 
adults, they overestimated their action capabilities (i.e., 
12.5 cm difference between estimated performance and real 
performance). These findings support two possible mecha-
nisms to specify changes in perceptual boundaries: (1) the 
accurate update of new action capabilities (dynamically 
modified by the experimental context and/or environmental 
properties) (e.g., Comalli et al. 2013) and/or (2) a percep-
tual impairment (i.e., inaccurate perception of the extent 
of changes in action capabilities as the actual performance 
effectively changed, or only a perceptual impairment with-
out change in actual performance). In our study, actual Hmax 
performances did not vary over time, arguing that percep-
tual alterations might be closely attributable to changes in 
the perceptive updating process over time for the G24-SD.

Thus, it is important to determine the impairment 
sources that are responsible for inefficient cognitive updat-
ing of perception of action capabilities. We argue that the 
perception of motor action features, anticipation of the 
consequences of actions (i.e., the way individuals perceive 
the environment in terms of the costs of acting within it; 
Deschamps et al. 2014; Witt et al. 2004, 2009), and percep-
tive cognitive process are all involved in the perception of 
action capabilities.

Perception of motor action features as a source 
of perceptual alterations in action capabilities

Clearly, after 24 h of wakefulness, individuals are much 
less likely to perform actions that they believe will be 
uncomfortable, painful, and/or unachievable. As supported 
by the self-assessment results, participants’ evaluation of 
their own physical fitness was significantly lower at t+24h of 
sleep deprivation, which is consistent with their conserva-
tive behaviors, as revealed by lower Hmax estimates. Again, 
related to a protective mechanism assumption, it may be 
suggested that individuals in the G24-SD have self-assessed a 
decrease (not found in the present case) in physical capaci-
ties from kinesthetic inputs or from incorrect self-expecta-
tions of sleep deprivation’s effects. Whatever the explana-
tion, subjects deprived of sleep for 26.5 h underestimated 
their maximum over-stepping height without changes in 
their actual performance.

These findings reinforce the relevance for characteriz-
ing the effects of TSD on both force production by using 
an MVC test and lower limb synergy abilities through the 
functional CMJ test. As reported, the effect of TSD on 
both tests was not significant, which is in accordance with 
previous studies (Meney et al. 1998; Souissi et al. 2003; 
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Vardar et al. 2007). This first key result suggests that the 
dynamic properties of the body and individuals’ motor 
potential necessary for action performance may not be 
at the origin of the decrease in the assessment of physi-
cal fitness and consequently in perceptual boundaries. As 
a plausible alternative, although indirectly supported by 
the current findings, we suggest that conservative percep-
tual behavior is a direct consequence of sleep-deprivation-
induced impairments in cognitive processing of kinesthetic 
inputs. Further investigation should specify which cortical 
structures, and neurophysiological processes could support 
this assumption (Babkoff et al. 2005; Thill et al. 2013).

Is the alteration in cognitive processes a source of changes 
in the perception of action capabilities?

Similar to previous studies, sleep deprivation was associ-
ated with a decrease in attention, as shown by an increase 
in reaction time performance and lower scores on atten-
tion self-assessment. With respect to attentional pro-
cessing requirements, consistent findings underlined the 
importance of considering the interplay of cognitive load 
(or attentional cost), fatigue, and motor performance (Des-
champs et al. 2011; Murian et al. 2008). Accordingly, our 
present results strongly suggest that perceptual output for 
action capabilities is altered during prolonged wakeful-
ness because TSD impairs the central executive processes, 
with adverse effects on attention and response inhibition. 
Further research is required to test the specific relationship 
between changes in the perception of action capabilities 
and TSD-related cognitive impairment.

Conclusion

This study demonstrated deleterious effects of acute sleep 
deprivation on the sensory-motor ability necessary to con-
sider one’s action capabilities to insure safe and efficient 
motor control. We argue that the cognitive processing of 
external (i.e., environmental cues) and internal (i.e., the 
subject’s physical state) inputs that specify the estimated 
consequences of motor action could be the explanation 
for the inability to successfully update the perception of 
action capabilities after sleep deprivation. Future research 
on these specific assumptions should provide further neu-
rophysiological support for the failure of updating the per-
ception of action capabilities with TSD.

Acknowledgments The research was supported by grants from the 
Region of Pays de la Loire (France). This was not an industry sup-
ported study. The research was supported by grants from the Region 
of Pays de la Loire (France). The funders had no role in study design, 
data collection and analysis, decision to publish, or preparation of the 
manuscript.

Conflict of interest The authors declare that they have no compet-
ing interests.

References

Babkoff H, Zukerman G, Fostick L, Ben-Artzi E (2005) Effect of 
the diurnal rhythm and 24 h of sleep deprivation on dichotic 
temporal order judgment. J Sleep Res 14:7–15. doi:101111/
j1365-2869200400423x

Baranski JV, Pigeau RA (1997) Self-monitoring cognitive perfor-
mance during sleep deprivation: effects of modafinil d-ampheta-
mine and placebo. J Sleep Res 6:84–91

Baranski J, Pigeau R, Angus R (1994) On the ability to self-monitor 
cognitive performance during sleep deprivation: a calibration 
study. J Sleep Res 3:36–44

Bhalla M, Proffitt DR (1999) Visual-motor recalibration in geographi-
cal slant perception. J Exp Psychol Hum 25:1076–1096

Binkofski F, Buxbaum LJ (2013) Two action systems in the human 
brain. Brain Lang 127:222–229. doi:101016/jbandl201207007

Blazevich AJ, Cannavan D, Coleman DR, Horne S (2007) Influ-
ence of concentric and eccentric resistance training on architec-
tural adaptation in human quadriceps muscles. J Appl Physiol 
103:1565–1575. doi:101152/japplphysiol005782007

Boonstra TW, Stins JF, Daffertshofer A, Beek PJ (2007) Effects of 
sleep deprivation on neural functioning: an integrative review. 
Cell Mol Life Sci 64:934–946. doi:101007/s00018-007-6457-8

Borghi AM, Riggio L (2009) Sentence comprehension and simulation 
of object temporary canonical and stable affordances. Brain Res 
1253:117–128. doi:101016/jbrainres200811064

Burton G (1992) Nonvisual judgement of the crossability of path 
gaps. J Exp Psychol Hum 18:698–713

Chuah YML, Venkatraman V, Dinges DF, Chee MWL (2006) The 
neural basis of interindividual variability in inhibitory efficiency 
after sleep deprivation. J Neurosci 26:7156–7162. doi:101523/JN
EUROSCI0906-062006

Cisek P (2007) Cortical mechanisms of action selection: the 
affordance competition hypothesis. Proc R Soc B-Biol Sci 
362:1585–1599. doi:101098/rstb20072054

Cohen J (1988) Statistical power analysis for the behavioural sci-
ences. Academic Press, New-York

Comalli D, Franchak J, Char A, Adolph K (2013) Ledge and wedge: 
younger and older adults’ perception of action possibilities. Exp 
Brain Res 228:183–192. doi:101007/s00221-013-3550-0

Deschamps T, Murian A, Hug F (2011) Reciprocal aiming precision 
and central adaptations as a function of mechanical constraints. J 
Electromyogr Kines 21:968–973. doi:101016/jjelekin201108009

Deschamps T, Hug F, Hodges P, Tucker K (2014) Influence of experi-
mental pain on the perception of action capabilities and perfor-
mance of a maximal single leg hop. J Pain 15:271.e1–271.e7. 
doi:10.1016/j.jpain.2013.10.016

Dorrian J, Lamond N, Dawson D (2000) The ability to self-monitor 
performance when fatigued. J Sleep Res 9:137–144

Drummond SPA, Paulus MP, Tapert SF (2006) Effects of two 
nights sleep deprivation and two nights recovery sleep on 
response inhibition. J Sleep Res 15:261–265. doi:101111/
j1365-2869200600535x

Ellis R, Tucker M (2000) Micro-affordance: the potentiation of com-
ponents of action by seen objects. Br J Psychol 91:451–471

Fajen BR, Matthis JS (2011) Direct perception of action-scaled 
affordances: the shrinking gap problem. J Exp Psychol Hum 
37:1442–1457. doi:101037/a0023510

Fajen BR, Riley MA, Turvey MT (2009) Information, affordances, 
and control of action in sport International. Int J Sport Psychol 
40:79–107



2253Exp Brain Res (2014) 232:2243–2253 

1 3

Fischer MH (2000) Estimating reachability: whole body engagement 
or postural stability? Hum Mov Sci 19:297–318

Frey DJ, Badia P, Wright KP (2004) Inter- and intra-individ-
ual variability in performance near the circadian nadir dur-
ing sleep deprivation. J Sleep Res 13:305–315. doi:101111/
j1365-2869200400429x

Gibson JJ (1979) The ecological approach to visual perception. Erl-
baum, London

Graydon MM, Linkenauger SA, Teachman BA, Proffitt DR (2012) Scared 
stiff: the influence of anxiety on the perception of action capabilities. 
Cogn Emot 26:1301–1315. doi:101080/026999312012667391

Hackney AL, Cinelli ME (2013) Older adults are guided by their 
dynamic perceptions during aperture crossing. Gait Posture 
37:93–97. doi:101016/jgaitpost201206020

Higuchi T, Murai G, Kijima A, Seya Y, Wagman JB, Imanaka K 
(2011) Athletic experience influences shoulder rotations when 
running through apertures. Hum Mov Sci 30:534–549. doi:1010
16/jhumov201008003

Jiang Y, Mark LS (1994) The effect of gap depth on the perception of 
whether a gap is crossable. Percept Psychophys 56:691–700

Jones CB, Dorrian J, Jay SM, Lamond N, Ferguson S, Dawson D 
(2006) Self-awareness of impairment and the decision to drive 
after an extended period of wakefulness. Chronobiol Int 23:1253–
1263. doi:101080/07420520601083391

Killgore WD (2010) Effects of sleep deprivation on cognition. Prog 
Brain Res 185:105–129. doi:101016/B978-0-444-53702-700007-5

Malek EA, Wagman JB (2008) Kinetic potential influences vis-
ual and remote haptic perception of affordances for stand-
ing on an inclined surface. Q J Exp Psychol 61:1813–1826. 
doi:101080/17470210701712978

Mendelson DN, Redfern MS, Nebes RD, Richard Jennings J (2010) 
Inhibitory processes relate differently to balance/reaction time dual 
tasks in young and older adults. Neuropsychol Dev Cogn B Aging 
Neuropsychol Cogn 17:1–18. doi:101080/13825580902914040

Meney I, Waterhouse J, Atkinson G, Reilly T, Davenne D (1998) 
The effect of one night’s sleep deprivation on temperature mood 
and physical performance in subjects with different amounts 
of habitual physical activity. Chronobiol Int 15:349–363. 
doi:103109/07420529808998695

Murian A, Deschamps T, Temprado JJ (2008) Effects of force produc-
tion and trial duration on bimanual performance and attentional 
demands in a rhythmic coordination task. Mot Control 12:21–37

Nassauer KW, Halperin JM (2003) Dissociation of perceptual and 
motor inhibition processes through the use of novel computerized 
conflict tasks. J Int Neuropsych Soc 9:25–30

Noël M, Bernard A, Luyat M (2011) The overestimation of perfor-
mance: a specific bias of aging? Ger Psychol Neuropsychiatr 
Vieil 9:287–294. doi:101684/pnv20110290

Orzel-Gryglewska J (2010) Consequences of sleep deprivation. Int J 
Occup Med Environ 23:95–114. doi:102478/v10001-010-0004-9

Oztürk L, Bulut E, Vardar SA, Uzun C (2007) Effects of sleep dep-
rivation on anaerobic exercise-induced changes in auditory 
brainstem evoked potentials. Clin Physiol Funct I 27:263–267. 
doi:101111/j1475-097X200700746x

Patel M, Gomez S, Berg S, Almbladh P, Lindblad J, Petersen H et al 
(2008) Effects of 24-h and 36-h sleep deprivation on human 
postural control and adaptation. Exp Brain Res 185:165–173. 
doi:101007/s00221-007-1143-5

Pijpers JRR, Oudejans RRD, Bakker FC, Beek PJ (2006) The role 
of anxiety in perceiving and realizing affordances. Ecol Psychol 
18:131–161. doi:101207/s15326969eco1803_1

Pijpers JR, Oudejans R, Bakker FC (2007) Changes in the perception 
of action possibilities while climbing to fatigue on a climbing 
wall. J Sport Sci 25:97–110. doi:101080/02640410600630894

Poudel GR, Innes CRH, Jones RD (2013) Distinct neural correlates 
of time-on-task and transient errors during a visuomotor tracking 

task after sleep restriction. Neuroimage 77:105–113. doi:101016/
jneuroimage201303054

Ramenzoni V, Riley MA, Davis T, Shockley K, Armstrong R (2008) 
Tuning into another person’s action capabilities: perceiving maxi-
mal jumping-reach height from walking kinematics. J Exp Psy-
chol Hum 34:919–928. doi:101037/0096-1523344919

Ratcliff R, Dongen HPA (2009) Sleep deprivation affects multiple 
distinct cognitive processes. Psychon Bull Rev 16:742–751. 
doi:103758/PBR164742

Redfern MS, Jennings JR, Mendelson D, Nebes RD (2009) Percep-
tual inhibition is associated with sensory integration in stand-
ing postural control among older adults. J Gerontol B Psychol 
64:569–576. doi:101093/geronb/gbp060

Regia-Corte T, Wagman JB (2008) Perception of affordances for 
standing on an inclined surface depends on height of center of 
mass. Exp Brain Res 191:25–35. doi:101007/s00221-008-1492-8

Sakurai R, Fujiwara Y, Ishihara M, Higuchi T, Uchida H, Imanaka 
K (2013) Age-related self-overestimation of step-over ability in 
healthy older adults and its relationship to fall risk. BMC Geriatr 
13–44:1011. doi:86/1471-2318-13-44

Scott JPR, McNaughton LR, Polman RCJ (2006) Effects of sleep dep-
rivation and exercise on cognitive motor performance and mood. 
Physiol Behav 87:396–408. doi:101016/jphysbeh200511009

Skein M, Duffield R, Edge J, Short MJ, Mündel T (2011) Inter-
mittent-sprint performance and muscle glycogen after 30 h 
of sleep deprivation. Med Sci Sport Exer 43:1301–1311. 
doi:101249/MSS0b013e31820abc5a

Smith JL, Jamadar S, Provost AL, Michie PT (2013) Motor and 
non-motor inhibition in the Go/NoGo task: an ERP and fMRI 
study. Int J Psychophysiol 87:244–253. doi:101016/jijpsy
cho201207185

Souissi N, Sesboüé B, Gauthier A, Larue J, Davenne D (2003) Effects 
of one night’s sleep deprivation on anaerobic performance the 
following day. Eur J Appl Physiol 89:359–366. doi:101007/
s00421-003-0793-7

Stoffregen TA, Gorday KM, Sheng YY (1999) Perceiving affordances 
for another person’s actions. J Exp Psychol Hum 25:120–136. 
doi:101037/0096-1523251120

Thill S, Caligiore D, Borghi AM, Ziemke T, Baldassarre G (2013) 
Theories and computational models of affordance and mirror sys-
tems: an integrative review. Neurosci Biobehav R 37:491–521. 
doi:101016/jneubiorev201301012

Vardar SA, Öztürk L, Kurt C, Bulut E, Sut N, Vardar E (2007) Sleep 
deprivation induced anxiety and anaerobic performance. J Sport 
Sci Med 6:532–537

Vickers JN (2007) Perception cognition decision training: the quiet 
eye in action. Human Kinetics, Champaign, IL

Warren WH (1984) Perceiving affordances: visual guidance of stair 
climbing. J Exp Psychol Hum 10:683–703

Weast JA, Shockley K, Riley MA (2011) The influence of athletic expe-
rience and kinematic information on skill-relevant affordance per-
ception. Q J Exp 64:689–706. doi:101080/174702182010523474

Witt JK, Proffitt DR, Epstein W (2004) Perceiving distance: a role of 
effort and intent. Perception 33:577–590. doi:101068/p5090

Witt JK, Linkenauger SA, Bakdash JZ, Augustyn JS, Cook A, Prof-
fitt DR (2009) The long road of pain: chronic pain increases 
perceived distance. Exp Brain Res 192:145–148. doi:101007/
s00221-008-1594-3

Yu Y, Bardy BG, Stoffregen TA (2011) Influences of head and torso 
movement before and during affordance perception. J Motor 
Behav 43:45–54. doi:101080/002228952010533213

Zhang N, Liu HT (2008) Effects of sleep deprivation on cognitive 
functions. Neurosci Bull 24:45–48. doi:101007/s12264-008-0910



Online Exclusive

Influence of Experimental Pain on the Perception of Action

Capabilities and Performance of a Maximal Single-Leg Hop

Thibault Deschamps,* François Hug,*,y Paul W. Hodges,y and Kylie Tuckery

*University of Nantes, Laboratory ‘‘Motricit!e, Interactions, Performance’’ (EA 4334), Nantes, France.
yThe University of Queensland, Centre for Clinical Research Excellence in Spinal Pain, Injury and Health, School of
Health and Rehabilitation Sciences, St. Lucia, Queensland, Australia.

Abstract: Changes in an individual’s state—for example, anxiety/chronic pain—can modify the

perception of action capabilities andphysical task requirements. In parallel, considerable literature sup-

ports alteredmotor performanceduringboth acute and chronic pain. This study aimed todetermine the

effect of experimental pain on perception of action capabilities and performance of a dynamic motor

task. Performance estimates and actual performance of maximal single-leg hops were recorded for

both legs in 13 healthy participants before, during, and after an episode of acute pain induced by a sin-

gle bolus injection of hypertonic saline into vastus lateralis of 1 leg, with the side counterbalanced

amongparticipants. Both estimation of performance and actual performancewere smaller (P < .01) dur-

ing pain than before and after pain. This decrease in estimation and performance during pain was

apparent for hops using either leg, but it was greater (P < .01) for the painful leg ("10.8 ± 12.1 cm)

than for the control leg ("5.5 ± 7.9 cm). Participants accurately estimated their performance in all con-

ditions for both legs. The results provide evidence that healthy participants have the ability to update

the action-scaled relationship between perception and ability during acute pain.

Perspective: This study demonstrates that the relationship between perceived physical ability and

actual performance is effectively updated during acute muscle pain. This match between perceived

ability and performance could be relevant during clinical pain assessment, with the potential to be

a biomarker of transition from acute to chronic pain state.
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T
he adaptation required to achieve a given behavior
within constantly changing environmental con-
straints is an integral part of human daily life. The

task-specific fit between the properties of the environ-
ment and the individual’s action capabilities is known as

an ‘‘affordance.’’ Therefore, individualsperceive theprop-
erties of the world in terms of what they can do with
them.7 For instance, the affordance ‘‘stair-climbability’’ is
related to both the characteristics of the stair (eg, riser
height) and the physical capability of the individual.38

Numerous studies demonstrate that healthy humans
accurately perceive their physical capabilities for tasks
such as reaching,24 grasping,25 jumping,32 and walking
through apertures.10 However, the perception of action
capabilities is compromised during periods of altered psy-
chological state. For example, Graydon et al10 reported
that anxious participants underestimate their reaching,
grasping, and passing ability compared to nonanxious
participants, and argued that these behaviors reflect a
protective mechanism. This suggests that individuals in
the stressful conditions update their ‘‘safety margin’’ for
a task, which would potentially expose them to less risk.
Considerable literature supports altered motor perfor-

mance during acute experimental pain—for example,
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reduced force-generating capacity (inmost8,9,16,34but not
all studies35), and altered kinetics around the joint related
to the painful muscle.1,14-17,27 This alteration of
performance is also observed in people with chronic
musculoskeletal pain—for example, reduced force-
generating capacity,9,22,23 altered kinetics,4 and reduced
time to task failure during submaximal tasks.28 Altered
motorperformanceduringpainmay serve to reduce stress
onpainful tissueand/oravoid furtherpain.24,37 It isunclear
if the individual in pain accurately perceives this change in
performance ability. If not, the individual with pain could
overestimate his or her physical capabilities (ie, the
function is reduced but perception in performance
ability is not altered) and thus be more likely to overuse
the painful part with potential for both short-term (acute
injury) and long-term consequences. Alternatively, they
mayunderestimate theirphysical abilities,oroverestimate
the physical cost of performing a movement task
(eg, walking distance is overestimated in people with
chronic pain40) and thus reduce movement/physical activ-
ity (as observed in older adultswith chronic pain11), which
may be harmful to general health in the long term.
This study used an acute pain model to investigate the

effect of pain on the perception of action capabilities in
healthy participants to provide a first and critical step
toward understanding the unique potential for pain to
modify the relationship between motor performance
and perceived abilities. We hypothesized that consistent
with other observations, maximal performance of the
motor task would be reduced during acute pain, and
that this reduction in maximal performance would be
associated with reduction of the estimated ability to
perform the task. Finally, as theories of the adaptation
to acute pain predict changes in motor performance in
and around the painful region, with little evidence (or
consideration) of more generalized effects on motor
performance including movement of body regions other
than the painful part, we hypothesized that changes in
motor performance, if present, would be confined to
the painful leg. To test these hypotheses, we investigated
the effect of acute experimental leg pain in healthy
participants on both perception of action capabilities
and performance of single-leg hops.

Method

Participants
Thirteen healthy males volunteered to participate in

the study (age 28.7 6 5.5 years; height 179.2 6 5.3 cm;
weight 73.5 6 7.7 kg [mean 6 standard deviation]). All
participants indicated a preference to lead with the left
legwhen high-jumping. Exclusion criteria included visual
or physical impairments, psychiatric or neurologic disor-
ders, or any long-term medication use. Participants
were informed of the experimental tasks before
providing written consent. The experimental design of
the study was approved by the Ethical Committee of
Nantes Ouest IV (reference: no. CPP-MIP-002) and was
conducted in accordance with the Declaration of
Helsinki.

Materials and Apparatus
A rigid blue carpet (2 cm thick, 7 m long, 1mwide) was

laid on floor, with white masking tape placed across the
width of the carpet to indicate the start position. A line
of masking tape placed midline (perpendicular to the
start line, in the middle of the carpet) extended 5 m
from the start position. Participants were asked to focus
on and aim for the midline when estimating their hop
performance and when performing the single-leg hop
task. No other visual marks were available.
To measure the participants’ judgment of their

perceived ability, they were asked to estimate the
distance they predicted they would be able to hop by
indicating ‘‘stop’’ as the experimenter (T.D.) moved a
stick (placed transversely across the width of the carpet
and with a 120-cm handle) gradually (#20 cm/sec) away
from the starting line. At this point, the participants
gave instructions (‘‘farther’’ or ‘‘closer’’) to the experi-
menter tomakeminor adjustments to the stick’s position
in order to estimate the maximal distance they predicted
they could achieve with a maximal single-leg hop, as
accurately as possible. A wooden graduated ruler (3 m
long, not visible to the participant) that lay on the
edge of the carpet was used by a second investigator
(K.T.) to measure the indicated distance.
For the single-leg hop performance, hop distance was

determined using a digital camera (Casio Exilim
EX-ZR100; Casio, Tokyo, Japan; sampling frequency of
120 Hz) that was aligned with the estimated hop
performance but was not in the visual range of the
participant. To overcome image parallax, a calibration
of the camera image was performed before and after
the experiment.

Procedure
Participants first performed 5 minutes of warm-up

cycling on a cycle ergometer (power output = 100 W).
The perception and performance tasks were then
explained to the participants and they performed 3
practice hops on each leg.
A series of performance estimates and actual perfor-

mance was recorded before pain, during pain (approxi-
mately 5 minutes after completion of the prepain trials,
allowing time for the induction of experimental pain),
and after pain had ceased (approximately 5 minutes
after completion of the ‘‘pain’’ trial). Participants per-
formed 6 performance estimates (3 per leg, in counter-
balanced order between participants) of their own
maximal single-leg hop performance during the prepain
and postpain conditions, and 4 performance estimates
(2 per leg) during pain. The reduced number during
pain is based on time restrictions of this pain model.
Maximal leg performance was defined as the maximal
distance at which one could hop from 1 leg (without
using the opposite leg for stability before the jump)
and land on that same leg, without losing balance.2,29,33

Participants were instructed to stand on the required leg,
with the lead toe behind the starting line, and to make
their judgment by considering their action capabilities
at the present instant. To limit the potential for
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memory or visual cues to influence estimation of
performance (or actual task performance), participants
closed their eyes and turned away from the carpet
between each performance estimate, whereas the
experimenter (T.D.) returned to the starting position.
After providing the series of performance estimates for
both legs, participants were instructed to perform a
series of 6 single-leg hop tests (3 trials per leg, in counter-
balanced order between participants) during the pre-
pain and postpain conditions and 2 single-leg hop tests
(1 per leg) during pain. Participants stood in the same
starting position before each hop, and at least 40 seconds
of recovery was provided between 2 consecutive trials of
the same leg to minimize fatigue (typically, less than
30 seconds is sufficient33).

Experimental Pain
Acute experimental muscle pain was induced by a

single bolus injection of hypertonic saline (1 mL, 5%
NaCl, 25 mm $ 25 gauge needle) into the distal portion
of the vastus lateralis (of the dominant or nondominant
leg, with pain side counterbalanced between partici-
pants). Pain level was reported on an 11-point numerical
rating scale, where 0 = no pain and 10 = most extreme
pain imaginable. Once pain level was reported as at least
2/10, participants were instructed to move to the ‘‘start
line’’ for the performance estimates to begin. Pain level
was reported immediately before and following each
performance estimate and hop, during the pain condi-
tion. The average of these 2 pain estimates were used
for analysis. After completion of the pain trial, partici-
pants drew the region of pain experienced on their
own leg, and a photograph was taken (Fig 1).

Data Analysis
All data were normally distributed and thus values are

reported as mean 6 standard deviation. Statistical ana-
lyses were performed on the average and the maximum

performance estimates and actual performance for each
condition. The results were the same, irrespective of
which measure we used, and therefore only maximum
data (ie, 1 value per condition) are discussed.
Reported pain intensity was compared, using a 2-way

analysis of variance with repeated measures, that is,
2 (Measure—estimates and performance) $ 2 (Leg—con-
trol andpainful leg). The effect of painonbothmaximum
estimate and actual performancewas determined using a
3-way analysis of variance with repeated measures, that
is, 3 (Condition—prepain, pain, and postpain) $ 2 (Mea-
sure—estimates and performance) $ 2 (Leg—control
and painful leg). To provide additional insight into the ef-
fect of pain on the relationship between perception of
action capabilities and actual performance, the ratio of
perceptual estimation divided by the actual performance
was calculated. A ratio of 1 indicates a perfect match,
whereas a ratio greater or less than 1 indicates an over-
or underestimation, respectively. These ratios were
compared using a 2-way analysis of variance with
repeated measures, that is, 3 (Condition—prepain, pain,
and postpain) $ 2 (Leg—control and painful leg).
Tukey honestly significant difference comparisons

were used for post hoc tests following significant main
effects. Significance was set at P < .05. Partial eta square
(ph

2) values are reported as measures of effect size, with
moderate and large effects considered for ph

2 = .07 and

ph
2
$ .14, respectively.5

Results

Pain Intensity
The reported pain intensity during the performance

estimates (5.3 6 .5/10) was slightly higher than that
reported immediately following the actual hop perfor-
mance (4.7 6 .4/10), main effect measure:
F(1, 12) = 8.34, P < .02, ph

2 = .410. However, there was
no difference in the intensity of pain reported ‘‘between
legs’’—that is, reported pain intensity was similar when
participants stood on their test (painful) or control (non-
painful) leg and estimated their maximal hop, and when
they performed the hop on the painful and nonpainful
leg, main effect of leg: F(1, 12) = .187, P = .67,

ph
2 = .015. Note that no significant measure $ leg

interaction was found: F(1, 12) = .48, P = .50, ph
2 = .038.

Performance Estimates and Actual
Performance
Before pain was induced, participants estimated that

they could perform a single-leg hop of 194.1 6 28.6 cm,
and their maximum hop performance was
201.6 6 24.2 cm. There was no significant main effect of
measure; performance estimate vs actual performance:
F(1, 12) = .912, P = .36, ph

2= .071, or significant interaction
considering this factor (all Fs < 1.63, Ps > .22).

Figure 1. The location of painful injection (arrow) and area of
pain (open gray circles) reported by participants on completion
of pain trials are shown overlaid on a representative image of
the distal thigh and knee cap (patella). VL, vastus lateralis; VM,
vastus medialis.

Dual!e et al The Journal of Pain 271.e3



Both estimation of performance and actual perfor-
mance were reduced during acute pain; main effect con-
dition: F(2, 24) = 8.61, P < .01, ph

2 = .418; post hoc pain
versus prepain "8.1 6 14.2 cm, that is, "4.1%, P < .02;
pain versus postpain "10.2 6 15.2 cm, that is, "5.1%,
P < .01; prepain versus postpain, P = .71 (Fig 2). The
decrease in both estimation and performance during
pain was apparent for hops using either leg, but it was
greater for the painful leg than for the control leg;
"10.86 12.1 cm vs "5.56 7.9 cm for painful and control
leg, interaction condition $ leg: F(2, 24) = 3.76, P < .01,

ph
2 = .239; post hoc: P < .01 (Fig 3).
The ratio of perceptual estimation divided by the

actual performance was .96 6 .11, .96 6 .09, and
1.00 6 .12, for prepain, pain, and postpain, respectively.
The ratio was not affected by condition: F(2, 24) = 1.365,
P = .275, ph

2 = .102; or leg: F(1, 12) = .475, P = .504,

ph
2 = .083. In addition, no significant interaction

condition $ leg: F(1, 12) = .715, P = .478, ph
2 = .056,

was observed.

Discussion
The aim of the present studywas to determine if acute

pain alters the relationship between perceived ability
and actual performance in healthy participants. In
support of our first hypothesis, the performance of
the single-leg hop was reduced during acute pain. In
support of our second hypothesis, there was no change
in the relationship between perceived ability and actual
performance such that participants’ perception of their
ability to hopwas adjusted in amanner that was concor-
dant with their change in performance. As both the
actual performance and estimation of performance
were reduced in a similar manner, this indicates that
the task-specific perception of action capabilities was
unchanged during acute pain. This means either that
the healthy individuals accurately estimated the reduc-
tion in their ability to perform the task during acute
pain or that they adjusted their actual performance on

the basis of an estimated/expected reduction in ability.
This study cannot distinguish which of these alterna-
tives explains the results. In contrast to our third hy-
pothesis, there was also a reduction in both the task
performance and estimation of performance when the
task was performed with the nonpainful leg. However,
this reduction was smaller than that observed for the
painful side. This provides evidence of a more subtle
generalized change in motor performance and percep-
tion of motor performance that does not necessarily
relate to the immediate location of pain, but with lesser
magnitude.
Various studies have shown that task performance is

altered during experimental pain (eg, reduced torque
during maximal voluntary contractions8,9,16,35 and
altered kinetics during movement tasks1,13-15,17,27).
This reduction in maximal performance is thought to
relate to either a reduction in total motor drive (eg,
generalized inhibition of the muscles in or near the
painful site; see review26), which is not supported by
all studies,22 or a change in the manner in which the
force is generated. With respect to the latter, reorga-
nization of the control of movement such as a redistri-
bution of muscle activity within and between the
muscles used to perform the task has been hypothe-
sized (see review18). This is the first study to test and
demonstrate reduced maximal performance in a dy-
namic, multijoint task (ie, distance of a single-leg
hop) during acute pain.
Although the reduction in performance might be

explained by an actual reduction in maximal ability to
perform the task (eg, inability to exert maximal effort),
the maximal performance might also be reduced as a
protective mechanism, whereby individuals in pain mod-
erate their performance (and estimation of performance
ability) to increase the ‘‘safety margin’’ for the task to
expose their system to less risk. This is supported in part

Figure 3. Performance estimates and actual performancewere
similar and are therefore averaged to demonstrate the reduc-
tion in these measures during the painful condition. This reduc-
tion was observed for both the legs but was greater in the
painful (black) than the nonpainful (gray) leg. Error bars corre-
spond to the standard deviation. Significant differences at
*P < .05; ***P < .001.

Figure 2. Both the estimation of performance ability and
actual performance were reduced during acute pain compared
to the prepain and postpain conditions. Error bars correspond
to the standard deviation. Significant differences at *P < .05.
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by the smaller, but significant, reduction in performance
and performance estimation in the nonpainful leg. In
that case, the individual may still reduce the maximal
performance to increase the safetymargin, as a contribu-
tion from the painful leg is required to stabilize the indi-
vidual if he or she were to lose balance with hopping.
Reduction of the actual performance (use of a more con-
servative strategy that is less than the true maximum po-
tential) would lessen the chance of loss of balance, and
thus reduce the possibility to need to use the painful re-
gion (for balance).
The second key finding is that participants accurately

predicted their decrease in performance ability during
acute pain (or they performed in a way that they had
predicted). This provides evidence that the presence
of experimental pain did not alter the critical cognitive
updating process, and that an adequate protective
mechanism was maintained to meet the painful
context. This is in line with our understanding that
the (re)calibration of perceived action capabilities is
dynamic and can evolve both rapidly (reviewed in6)
and over longer time scales—for example, in people
with chronic pain40 and in older adults.12,30 For
instance, people with chronic low back pain
estimated a larger distance to walk to a target than
pain-free controls,40 which is argued to be associated
with the perception of greater effort required to
achieve this distance. This supports the idea that indi-
viduals perceive the environment in terms of the costs
of acting within it. Overall, these results highlight a
(re)calibration of action capabilities during painful
episodes.20 This process may be interpreted as a

change in pain function that relates performance
estimation to the requirements that the environment
imposes on the patients who are living with chronic
pain. Further work is necessary to determine the effec-
tiveness of this process in different clinical populations.
Finally, contrary to our expectations, the present

study results highlight an influence of pain on both
perceived action capabilities and performance that is
not specific to the action being performed local to
the site of pain. We observed a decrease in estimation
and performance of the maximal hop, for both the
painful and the nonpainful leg (albeit greater reduc-
tions on the painful side), during pain (Fig 2). It is
possible that the presence of pain in an unrelated re-
gion diverts attention from the experimental task,
and that this reduction in attention to the task may
compromise performance.19 This has been shown for
other distractors, not related to pain. For example,
distraction by points of light while climbing on a
high traverse reduces both perceived and actual
performance.31 It is also possible that the reduced
performance in the nonpainful leg is related to a pro-
tective mechanism (as discussed above). Finally, consis-
tent with the muscle-based perception and the
tensegrity hypothesis,3 generalized effects of altered
motor ability in one region may affect performance
ability in an unrelated muscle. For example, a handgrip
fatiguing task has been shown to alter the maximal
force-generating capacity of plantar flexor muscles.21

Again, we can argue from these unexpected findings
that an acute muscle pain (induced in healthy young
participants) does not alter the necessary updating
process of their motor capabilities, as both perfor-
mance ability and perceived ability changed in parallel.
Further research is required to test this assumption of
shared processes for top-down control of (selecting
and recalibrating) the perception of performance abil-
ity and motor adaptation to pain.36

The within-subject study design allowed us to explore
the potential for acute experimental pain to alter
maximal performance ability, perception ofmaximal per-
formance ability, and the relationship between these
measures with a modest (n = 13) sample size. Effect sizes
were moderate to large for the primary outcome mea-
sures used in this study, which is likely to be enhanced
by the homogeneity (young, fit males) of the partici-
pants. Larger sample size may be required in future
studies if a more heterogeneous participant group is
included (ie, in relation to pain beliefs, duration, and
effect of clinical pain conditions).

Conclusion
This experiment was conducted to determine whether

acute muscle pain influences the relationship between
perceived ability and actual performance in healthy
participants. We provide evidence that healthy individ-
uals effectively update the perception of their action
capabilities during acute pain; that is, the short-term
reduction in motor performance during acute experi-
mental pain is associated with a recalibration of percep-
tion of movement capabilities. Evidence that the
reduced performance (and perception of performance
ability) occurs both local and contralateral to the painful
site provides some evidence that the reduction in perfor-
mance is not necessarily related to reducedmotor poten-
tial, but rather increasing the ‘‘safety margin’’ of the
task. The potential for an individual in pain to modify
his or her performance ability to increase a ‘‘safety
margin’’ is particularly relevant when measures such as
the single-leg hop test are used in clinical pain studies
to determine progression and/or recovery from lower
limb pain conditions.39 This is because, independent of
any functional alteration present in clinical populations,
the acute nociceptive stimulation (in combination with
the individuals’ cognitive processes associated with this
experience) is sufficient to induce a reduction in task
performance; that is, reduced single-leg hop may be
associated with current pain (and potentially pain-
related cognitions) rather than actual functional
capability.
This study provides a first step toward understanding

the potential for pain to modify the relationship be-
tween motor performance and perceived abilities. It is
now critical to determine if the perception process of ac-
tion capabilities is updated in a similar way in more
diverse samples of people with differing pain cognitions,
and in people living with clinical pain. We argue that it is
possible that an alteration in perception of action capa-
bilities could be relevant during clinical pain assessment,
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with the potential for this measure to be an early
biomarker of the transition from an acute to chronic
pain state.
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1. Introduction

Based on Collins and De Luca’s assumption [1] supporting the

idea of a position-based control of posture, Delignières et al. [2]

have recently shown the key role of center-of-pressure (COP)

velocity-based variables for quiet standing stability in young and

older cognitively healthy individuals [CHI]. Precisely, they have

found that postural sway is not fixed until a threshold in velocity is

reached. Velocity series appear bounded between an upper and a

lower limits, underlining the possibility of an implicit motor

strategy supported by velocity-based control instead of a position-

based control of posture. These findings highlighted new variables

of interest, in particular those that bound the dynamics of velocity

in COP time series such as the average absolute maximal velocity

(AAMV) when assessing postural balance in CHI. It has been

previously reported difference in implicit motor strategy of

balance control between CHI and those with cognitive decline

[3]. Few studies have directly investigated the cognitive status’

impact on postural control in older people compared to age-related

effect [3–11]. Moreover, balance was usually assessed with

parametric measurements such as single leg stance or tandem

walking [3,5,7–9], which prevents inferring conclusions on the

implicit motor strategy of balance control. Recently, Suttanon et al.

[9] showed that static balance assessed by the sway velocity was

more altered with higher limits of velocity range in mild-to-

moderate Alzheimer disease (MMAD) compared to cognitively

healthy controls [9]. The present analysis explored the impact of

cognitive decline on postural control strategies in older adults with

and without cognitive decline from mild cognitive impairment

(MCI) to MMAD. To our knowledge, no study has yet investigated

the assumption of a velocity-based processs. Our hypothesis was

that the cognitive decline affected the postural control leading to

higher bounding limits of COP velocity dynamics.

2. Methods

2.1. Participants

A total of 175 non-faller older adults were recruited in Angers

University Hospital, France, including 50 CHI (mean age
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76.42 � 4.84 years; 30% women), who were compared with 64 age-

and BMI-matched participants with MCI (mean age 77.51 � 6.32

years; 39% women), and 61 age- and BMI-matched participants with

MMAD (mean age 78.44 � 3.97 years; 62% women). All participants

were recruited from the Gait and Alzheimer Interactions Tracking

(GAIT) cohort, which is an observational cross-sectional study

designed to examine gait and balance in older community-dwellers

reporting subjective memory complaint. The sampling and data

collection procedures have been described elsewhere in detail [4]. For

the present analysis, exclusion criteria were severe Alzheimer’s

disease (i.e., Mini-Mental State Examination score (MMSE) � 10),

acute medical illness in the three past months, neurological and

psychiatric diseases with the exception of cognitive impairment, and

inability to stand on one leg for at least five seconds. The experimental

design of the study was approved by the Local Ethical Committee of

Angers (Reference No. 2009-A00533-54).

2.2. Neuropsychological assessment

Neuropsychological assessment was performed during a face-

to-face examination carried out by a neuropsychologist. The

following standardized tests were used to probe several aspects of

cognitive function: MMSE, Frontal Assessment Battery (FAB),

ADAS-cog, TMT parts A and B, French version of the Free and Cued

Selective Reminding Test and Instrumental Activities of Daily

Living scale (IADL). The diagnoses of MCI and MMAD were based

on the above-mentioned neuropsychological tests, physical

examination findings, blood tests and Magnetic Resonance

Imaging (MRI) of the brain. Participants with all categories of

MCI were included in this study. The diagnosis of MMAD followed

the DSM-IV and NINCDS/ADRDA criteria. Mild stage of MMAD was

defined for a MMSE score � 20, and moderate stage for a MMSE

score between 10 and 19. Participants who were neither MCI nor

MMAD and who had normal neuropsychological and functional

performance were considered as CHI ([4] for details).

2.3. Postural assessment

The standing postural sway was measured using a force

platform (101 cm � 101 cm; BioRescue, Dune1, France). The

participant was instructed to maintain barefoot standing position,

and to look straight ahead, with arms kept by the side of the body,

and focused on a visual reference mark placed in front of them at a

100 cm distance. The postural test consisted of two trials of quiet

stance: stance with eyes open (EO) and with eyes closed (EC). For a

trial of 51.2 s duration (sampling frequency of 5 Hz), the system

was linked to PosturalRescue1 2.0 software, providing COP series

on the antero-posterior (AP) and medio-lateral (ML) axes.

2.4. Statistics

For the baseline characteristics (age and BMI), a one-way

analysis of variance (ANOVA) with 3 (Group) between-subjects

factor was performed. Similar to [10], the COP parameters were

mean and standard deviation (SD) of position and velocity in AP

and ML directions. We also computed the AAMV [2]. For testing the

effects of cognitive status on the postural control, a one-way

ANOVA was carried out for each aforesaid dependent variable.

Table 1

Comparisons between MCI, MMAD and age- and BMI-matched CHI group (one-way analysis of variance results). Statistically significant results (p < 0.05) are indicated in

bold.

Outcomes (significant values) CHI, mean [95% CI] MCI group, mean [95% CI] MMAD group, mean [95% CI] F p

Baseline characteristics

Age (years) 76.42 [75.04–77.79] 77.51 [75.93–79.09] 78.4 [77.39–79.42] 2.031 0.134

Body mass index (kg/m2) 26.05 [25.18–26.91] 26.28 [25.43–27.13] 26.62 [25.39–27.85] 0.311 0.733

COP position-based variables

Eyes open

Mean position_AP (mm) ÿ18.15 [ÿ23.43; ÿ12.86] ÿ15.68 [ÿ20.46; ÿ10.91] ÿ18.86 [ÿ24.18; ÿ13.55] 0.451 0.637

SD position_AP (mm) 5.23 [4.8; 5.66] 5.62 [5.22; 6.02] 6.06 [5.36; 6.76] 2.286 0.105

Mean position_ML (mm) ÿ0.006 [ÿ3.46; 3.47] ÿ1.24 [ÿ3.7; 1.21] ÿ0.07 [ÿ3.12; 3.27] 0.254 0.776

SD position_ML (mm) 3.3 [2.9; 3.69] 3.19 [2.85; 3.53] 3.76 [3.34; 4.19] 2.553 0.081

Eyes closed

Mean position_AP (mm) ÿ12.36 [ÿ17.67; ÿ7.05] ÿ12.15 [ÿ16.99; ÿ7.3] ÿ15.19 [ÿ20.65; ÿ9.73] 0.438 0.646

SD position_AP (mm) 5.53 [4.94; 6.11] 5.5 [5.04; 5.96] 6.42 [5.76; 7.08] 3.431 0.035b

Mean position_ML (mm) ÿ0.406 [ÿ4.28; 3.46] ÿ1.64 [ÿ4.79; 1.49] 0.78 [ÿ2.9; 4.46] 0.503 0.605

SD position_ML (mm) 3.04 [2.69; 3.38] 3.02 [2.62; 3.43] 3.93 [3.4; 4.46] 5.576 0.005b,c

COP velocity-based variables

Eyes open

Mean velocity (mm/s) 10.33 [9.21; 11.46] 12.34 [11; 13.68] 14.64 [12.97; 16.31] 8.576 0.000a,b,c

SD velocity (mm/s) 6.8 [6.04; 7.57] 8.06 [7.14; 8.99] 6.8 [8.5; 8.99] 8.025 0.000a,b,c

Mean velocity_AP (mm/s) 8.11 [7.22; 9.01] 9.63 [8.57; 10.69] 11.52 [10.22; 12.82] 8.782 0.000b,c

Mean velocity_ML (mm/s) 4.8 [4.19; 5.41] 5.81 [5.1; 6.52] 6.75 [5.89; 7.61] 6.376 0.002a,b

AAMV_AP (mm/s) 15.65 [13.62–17.68] 19.29 [16.49–22.09] 23.07 [20.47–25.67] 7.861 0.001a,b,c

AAMV_ML (mm/s) 9.64 [8.1–11.19] 11.58 [9.94–13.22] 12.86 [11.38–14.34] 3.966 0.021b

Eyes closed

Mean velocity (mm/s) 12.34 [10.8; 13.87] 14.78 [12.69; 16.87] 18.05 [15.69; 20.41] 7.217 0.001a,b,c

SD velocity (mm/s) 8.52 [7.42; 9.62] 9.89 [8.38; 11.4] 11.88 [10.26; 13.51] 5.05 0.007b,c

Mean velocity_AP (mm/s) 10.08 [8.77; 11.39] 11.85 [10.21; 13.5] 14.66 [12.79; 16.52] 7.392 0.001b,c

Mean velocity_ML (mm/s) 5.23 [4.58; 5.89] 6.53 [5.42; 7.64] 7.81 [6.61; 9.02] 5.555 0.005b

AAMV_AP (mm/s) 19.83 [17.05–22.62] 24.62 [20.42–28.81] 29.44 [25.71–33.17] 6.223 0.002a,b,c

AAMV_ML (mm/s) 10.96 [9.17–12.76] 13.13 [10.68–15.57] 15.13 [13–17.25] 3.382 0.036b

COP: center of pressure; AP: anteroposterior; ML: mediolateral; SD: standard deviation; AAMV: average absolute maximal velocity; CHI: cognitive healthy individual; MCI:

mild cognitive decline; MMAD: mild and moderate dementia.
a Significant difference between CHI and MCI groups.
b Significant difference between CHI and MMAD groups.
c Significant difference between MCI and MMAD groups.
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3. Results

All statistical results are summarized in Table 1. Firstly, there

were no significant differences between the groups for age and

BMI. Secondly, the analysis concerning all COP parameters

revealed a main effect of the cognitive status on velocity-based

variables, with post hoc comparisons evidencing that SD velocity

and AAMV increased with cognitive impairment. Besides the

analyses for many COP position variables showed that postural

sway is not significantly different according to cognitive decline.

4. Discussion

The present study confirms new velocity-based variables of

interest when assessing postural balance, for both fundamental

and clinical purposes [2]. In support of our hypothesis, the

thresholds’ values that bound the dynamics of COP movement

speed (as estimated by computing the AAMV) significantly depend

on the progression of cognitive impairment. Contrary to position

variables, SD velocity and AAMV are actually higher for MCI and

MMAD, as compared to CHI, especially in the AP direction (Table 1).

Even if these results corroborate changes in poor postural

stability in patients with MCI or MMAD [9,11], it is the first time to

the best of our knowledge that different postural control

strategies are clearly demonstrated in CHI and in age-matched

MCI–MMAD participants. Precisely, we suggest an active control

(or corrective process) of COP velocity dynamics for CHI [2],

whereas MCI and MMAD are affected by COP movements,

especially in anteroposterior direction. Actually, our current

support is in line with the aging effects and declines in executive

function in standing postural control or in physical performance

[12]. For example, recent studies showed that changes in usual

walking speed were associated with alterations of execution

functions (such as information updating and monitoring) [13],

specifically in older adults with MCI [14]. This hypothesis of a

possible velocity-based process degradation as a function of

cognitive impairment is supported by recent studies investigating

how balance control evolves when confronted with specific dual-

task training strategies in elderly individuals with balance

impairment [15]. Moreover, age-related neural changes experi-

enced by individuals with MCI or MMAD in specific inhibitory

function may result in alterations in the sensory integration

process – essential for maintaining balance in older adults [12] –

because of the degradation of velocity information. The assump-

tion of a velocity-based process for postural control may be a key

to identify a new interesting biomarker of early cognitive

dysfunction [4], especially to potentially diagnose individuals

with increased fall risk.
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Falls are common in the elderly, and potentially result in injury and disability. Thus,

preventing falls as soon as possible in older adults is a public health priority, yet there

is no specific marker that is predictive of the first fall onset. We hypothesized that gait

features should be the most relevant variables for predicting the first fall. Clinical baseline

characteristics (e.g., gender, cognitive function) were assessed in 259 home-dwelling

people aged 66 to 75 that had never fallen. Likewise, global kinetic behavior of gait was

recorded from 22 variables in 1036 walking tests with an accelerometric gait analysis

system. Afterward, monthly telephone monitoring reported the date of the first fall over

24 months. A principal components analysis was used to assess the relationship between

gait variables and fall status in four groups: non-fallers, fallers from 0 to 6 months, fallers

from 6 to 12 months and fallers from 12 to 24 months. The association of significant

principal components (PC) with an increased risk of first fall was then evaluated using

the area under the Receiver Operator Characteristic Curve (ROC). No effect of clinical

confounding variables was shown as a function of groups. An eigenvalue decomposition

of the correlation matrix identified a large statistical PC1 (termed “Global kinetics of gait
pattern”), which accounted for 36.7% of total variance. Principal component loadings

also revealed a PC2 (12.6% of total variance), related to the “Global gait regularity.”
Subsequent ANOVAs showed that only PC1 discriminated the fall status during the first 6

months, while PC2 discriminated the first fall onset between 6 and 12 months. After one

year, any PC was associated with falls. These results were bolstered by the ROC analyses,

showing good predictive models of the first fall during the first six months or from 6 to 12

months. Overall, these findings suggest that the performance of a standardized walking

test at least once a year is essential for fall prevention.

Keywords: risk of fall, gait analysis, gait variability, gait speed, accelerometric device, fall-related injuries, home-

dwelling people, principal components analysis

INTRODUCTION

In view of the high prevalence of individuals in elderly popula-

tions with a risk of falling and the potentially dramatic conse-

quences of fall-related injuries (e.g., fractures and psychological

trauma) leading to self-imposed restriction in daily activities and,

consequently, loss of independence (Arfken et al., 1994; Tinetti

et al., 1994a; Tinetti and Williams, 1997; Scheffer et al., 2008),

avoidance or delay of the first fall onset is a major public health

concern. As reported by the WHO (2007), falls are the second

leading cause of accidental or unintentional-injury deaths world-

wide with more than 420,000 individuals dying from falls globally,

of which over 80% are in low- and middle-income countries.

In addition, 37.3 million falls each year require medical atten-

tion, with about 40% of all serious fall-related injuries among

the elderly resulting in hospital admission. After hospitalization,

30–40% of these patients are transferred to a nursing home.

Altogether, 30% of people over the age of 65 years that live in

the community fall at least once per year and this proportion

increases greatly with age. To tackle the major public health chal-

lenges of preventing falls in older adults as soon as possible, we

argue that it is crucial to identify specific markers that are sig-

nificantly associated with an increased risk of the first fall onset.

Identifying these markers would help the medical professional to

prescribe an intervention early enough to effectively prevent a fall.

Up to now, considerable literature on the identification of

risk factors for falls in the elderly and on the prediction of

recurrent falls has been published (Tinetti et al., 1988; Nevitt

et al., 1989; Wickham et al., 1989; O’Loughlin et al., 1993;
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Mahoney et al., 1994; Luukinen et al., 1995; Thapa et al., 1995;

Tinetti and Williams, 1997; Lord et al., 2000; Rubenstein and

Josephson, 2002; Stel et al., 2003). According to significant meta-

analyses (Gillespie et al., 2012; Bloch et al., 2013), among the

most important intrinsic predictors of falls are taking medica-

tions [Odds Ratio = 4.24 (3.06–5.88) 95% Confidence inter-

val), abnormal balance test [OR = 2.26 (1.79–2.85)], low body

mass index [OR = 2.05 (1.70–2.48)], fracture history [OR =

1.89 (1.53–2.34)], vision impairment [OR = 1.49 (1.39–1.59)],

cardiac rhythm disorder [OR = 1.42 (1.14–1.75)], impaired cog-

nition [OR = 1.96 (1.80–2.14)], or limited activity [OR = 1.32

(1.01–1.72)].

More specifically, it is well documented that a large propor-

tion of falls in the elderly occur during walking (Wild et al.,

1981; Campbell et al., 1989; Robinovitch et al., 2013). Thus, gait

disturbances (e.g., decreased speed, changes in stride time vari-

ability, or medio-lateral symmetry) have been associated with

falls (Rubenstein et al., 1988; Tinetti et al., 1988; Maki, 1997;

Hausdorff et al., 2001; Auvinet et al., 2003; Vassallo et al., 2003;

Brach et al., 2005; Verghese et al., 2009; Toebes et al., 2012; Weiss

et al., 2013). For example, Mirelman et al. (2012) conducted a

five-year prospective study that showed that gait disturbances,

and especially dual-task gait variability, were associated with

future falls, while controlling for age, gender and history of falls

the year prior to the participants’ initial screening. However, as far

as we know, no prospective cohort study has replicated or con-

firmed these findings in home-dwelling people aged 65–75 that

had never fallen. Thus our approach owes its originality both to

this particular cohort (i.e., primary prevention policy) and to the

compression of dimension of collected gait variables as essential

information to be related to risk of the first fall in older popula-

tion; In this particular context (i.e., the “unknown” cohort), we

hypothesized that the average walking speed and stride regularity

should be the most relevant variables to discriminate non-fallers

from fallers. With an economic, easy to use, and non-invasive

accelerometric device, this 2-year prospective study aimed to

examine the correlations between specific gait patterns and falls.

In addition, we also sought to characterize the duration between

the fall-risk screening test and a potential fall using an original

multi-step statistical analysis.

MATERIALS AND METHODS

PARTICIPANTS

A total of 259 older adults (mean age 69.6 ± 2.7 years; 61.5%

women) who never had fall experience, were recruited for the

present cohort, which is a prospective observational multicen-

ter study designed to identify the risk factors for the first fall

in elderly community-dwellers. This study was approved by the

Local Ethical Committee of the Region of Pays de la Loire (France)

(reference: n◦ 2004/05, “Facteurs prédictifs du risque de première

chute chez les personnes âgées (predictive factors of risk of the first

fall in elderly people); CCPPRP n◦1, favorable opinion the 20th

July 2004) and was conducted in accordance with the Declaration

of Helsinki (last modified in 2004).

Each participant was screened by medical staff for their med-

ical history, personal information (age, gender), physical and

clinical baseline characteristics according to the aforementioned

predictors of falls: taking medications, abnormal balance test

(one leg standing test), body mass index, fracture history (lower

limb surgery during the five past years), vision impairment

(global visual acuity score), cardiac rhythm disorder (normal-

ity of electrocardiogram), impaired cognition (Mini-Mental State

Examination “MMSE” and Frontal Assessment Battery “FAB”

tests) and limited activity (Daily physical activity).

Eligibility criteria were age between 66 and 75 years, living

at home, never fallen, and an ability to walk without assistance

(for at least 30 s). Previous falls (or not) were evaluated dur-

ing the first meeting with the patient, by asking them if they

have already fallen. To clarify the definition of fall, the geriatric

medicine doctors explained the WHO definition, with case exam-

ples. The question of fall event was discussed again with the

participant during the presentation of the study and during the

first baseline visit (inclusion visit). For the present analysis, exclu-

sion criteria were refusal to give consent or lack capacity to give

consent or if the participant was hospitalized at the time of screen-

ing. Participants were included after having given their written

informed consent for research.

Basic gait mobility was assessed using an accelerometric device

(see the Gait assessment section below) in order to characterize the

overall locomotor behavior of each participant. After this base-

line assessment, all the participants received standardized phone

calls from the research medical staff each month during the first

year, and every three months during the second year in order to

obtain information regarding any falls or related incidents. The

telephone calls were performed by trained interviewers, and were

similar to the procedure used in the literature (e.g., Stalenhoef

et al., 2002). By using open-ended questions, the date, circum-

stances, causes and consequences of falls, and changes in living

conditions and life events were collected. If necessary, the inter-

viewers reminded the WHO definition to the participants, with

case examples. A fall was defined as “unintentionally on the

ground or lower level, not as a result of a major intrinsic event

(such as a stroke) or overwhelming hazard” (Tinetti et al., 1988;

WHO, 2007).

CATEGORIZATION OF FALLERS GROUPS ACCORDING TO THE DATE OF

THE FIRST FALL ONSET

At the end of the follow-up period, a committee of geriatric

medicine doctors analyzed the circumstances of each fall recorded

during the prospective follow-up in order to verify and, if appro-

priate, validate that the fall occurred during usual living con-

ditions and was factually consistent with the definition-related

criteria of a fall (WHO, 2007). For example, a fall occurring while

practicing a high-risk sport or because of ice on the sidewalk was

not considered as a falling event. About 5% of collected falls were

rejected by this committee of experts. Three participants were

then excluded from this study before the analysis. During the 24-

month follow-up period, 72 subjects (27.40%) reported falling

one or more times. Among the reported first falls, 20 participants

(7.72%) fell during the first six months, 26 (10.04%) between the

sixth and twelfth months and 26 (10.04%) during the second year.

69 of the 72 subjects that fell reported falling only once and 3

fell multiple times during the follow-up period. Note also that

the committee kept blind for the gait assessment results as the
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geriatric M.D. met. In addition, none of them has been involved

in the statistical process.

GENERAL BASELINE CHARACTERISTICS

According to the main factors identified involved in the risk of

falling in older people (Gillespie et al., 2012; Bloch et al., 2013),

the relationship between falls and these potential confounding

factors was examined by means of multinomial logistic regression

analysis. By performing this statistical analysis for each variable

separately, we specified the association between (the risk of) the

first fall and these clinical factors, with the non-fallers group used

as the reference level. The baseline clinical characteristics were

gender, taking medications, daily physical activity (above 30 min

per day), one leg standing test (above 5 s), lower limb surgery dur-

ing the five previous years, and abnormal electrocardiogram as

binary variables, and age, body mass index, global visual acuity

score, and MMSE and FAB tests as parametric variables.

ACCELEROMETRIC GAIT ANALYSIS DEVICE

The gait analysis system used in this study included a 3-D-

acceleration sensor, a data logger and a computer program for

processing the acceleration signals and calculating the gait param-

eters (Locometrix®, Figure 1). The sensor weighs 20 g and is

composed of three accelerometers placed perpendicularly to each

other and housed in a moulded box (40 × 18× 18 mm). The

sensor is incorporated into an elastic belt, which was fastened

around the subject’s waist, so that the sensor was placed over

the L3–L4 inter-vertebral space (Figure 1). The first accelerome-

ter was aligned with the cranio-caudal axis of the body, the second

one with the antero-posterior axis and the third one with the

medio-lateral axis. Signals were recorded by a data logger at a

sampling frequency of 100 Hz and an anti-aliasing filter with a

cut-off frequency of 50 Hz was applied. This data logger weighed

140 g and was housed in a box (65 × 22× 12 mm) (see Auvinet

et al., 1999, 2002, for further details).

GAIT ASSESSMENT

Four tests were carried out on each subject walking at his/her own

comfortable speed down and back along a 30 m straight hospital

corridor. No prompting signals were used. The 30 m distance was

long enough to ensure a constant speed over 25 s in order to select

a steady state walking pattern of 20 s for analysis. All subjects wore

their usual walking shoes avoiding high heels or hard-soled shoes.

The walking speed was measured with an electronic stopwatch

synchronized with the gait data logger. Although subjects were

asked to walk in a straight line with their arms free, the trajec-

tory was not imposed and the corridor width was limited so the

conditions of walking allowed a large degree of freedom for walk

disorder expression with the environmental conditions carefully

standardized. Overall, considering the 259 subjects, 1036 tests of

30 m distance have been recorded or approximately 30 kilometers

and 60000 strides.

GAIT VARIABLES

The software program Locometrix® automatically calculated

kinematic and kinetic gait variables after selecting a steady state

walk sample of 20.48 s. This sample included exactly 1024 points

of acceleration measurements on each axis, which provided an

optimal calculation for Fast Fourier Transformation (FFT) and

other algorithms. This period corresponded to 19–21 walk cycles-

about 28 m for healthy adult subjects. All the biomechanical

variables were calculated from the walk sample 3D-accelerations

signals for each person. These variables were derived from calcu-

lating of several algorithms as indicated in Table 1: time measure,

vectorial calculations, FFT, autocorrelation, wavelet analysis and

statistical regressions. Further explanations on the calculation of

the variables can be obtained in previous validation papers of the

accelerometric gait analysis device (Auvinet et al., 1999, 2002).

This gait analysis system has been extensively used for clinical

trials both in humans and animals (Paquet et al., 2003; Auvinet

et al., 2011; Barthélémy et al., 2011). The 22 collected variables

are presented in detail in Table 1.

DATA AND STATISTICAL ANALYSIS OF GAIT

We tried to characterize the overall gait behavior for the different

(non) fallers groups by performing a statistical analysis consisting

of a seven-step procedure. Specifically, we replicated the statistical

process mainly based on a principal components analysis (PCA)

as described in recent studies (Courtine et al., 2009; Musienko

et al., 2011; van den Brand et al., 2012).

Step 1

A total of 22 gait variables providing detailed quantification of the

overall locomotor behavior from the 3-axis accelerometric device

that were collected (Figure 1).

Step 2

A PCA was applied on all computed variables. This PCA allowed

the extraction of the most relevant information from the initial

data by generating new independent variables called Principal

Components (PC). Each PC linearly combines the original vari-

ables to maximize the amount of explained variance for each

successive PC (Figure 1).

Step 3

We then computed correlations (PC loadings) between each mea-

sured parameter and each selected PC. In order to understand

what each PC reflected, we focused on the variables that showed

the highest PC loading (r > 0.5, p < 0.05). PC1 accounted for the

largest part of the variance (36.7%), PC2 for 12.6% of the total

variance and PC3 for 7.9% of the total variance) (Figure 1). Note

that these three PCs are sufficient to summarize the entire col-

lected data because there is a very strong correlation (r = 0.92,

p < 0.001) between the eigenvector constructed with these first

three PCs and the eigenvector constructed from all the PCs (i.e.,

100% of the variance).

Step 4

The overall locomotor behavior of each group was then displayed

in a 3-D space defined by the newly constructed variables, PC1–3

(57.2% of explained variance) (Figure 2). Note that clear differ-

ences emerged visually across the groups. The displayed ellipsoid

volumes for each group were located from the mean value of

the three PC eigenvectors for each group, and their diameters

corresponded to the 95% confidence interval (95% CI).
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FIGURE 1 | The experimental Locometrix® gait analysis system for the

walking test and first methodological steps of the Principal

Components Analysis (PCA). (A) The accelerometric sensor is applied in

the middle of the lower back using an elastic beltfastened around the

subject’s waist. The sensors are connected to a data logger, which is

attached onto the front part of the belt. The participants were requested to

walk at their own comfortable speed along a 30 m straight corridor. The

sensor provides the cranio-caudal, medio-lateral and antero-posterior raw

acceleration signals. Then the software allowed to select walk sample of

20 s to calculated 22 variables related to kinetics, regularity, power and

expended energy of locomotor behavior. (B) 22792 pieces of data

corresponding to 22 variables, extracted from 1036 walking trials, were

used for the PCA. The three retained principal components (PC) are shown

with their associated eigenvalues, for 57.2% of the total variance. (C) Each

initial variable, as correlated with a PC with |r | > 0.5 (p < 0.05), was

considered “significant” and used for interpretation. The color code

corresponds to these component loadings. (D) The resulting analysis

identified three groups of variables that can be related to (i) the Global
kinetics of gait pattern (PC1), (ii) Global gait regularity (PC2) and (iii) the

Stride time (PC3).

Step 5

The expected differences between groups were represented by

histograms (Figure 2), which correspond to the mean posi-

tion ±95% CI, according to the three PC eigenvectors. One-Way

analysis of variance (ANOVA) was used to examine the between-

groups effects with each eigenvector as dependent variable. This

fifth step allowed for the identification of the delay-related

predictive marker of the first fall onset.

Step 6

In order to specify the relationships between the occurrence of the

first fall event during the follow-up and extracted PCs (step 5),

we assessed the Area Under the Curve (AUC) of the Receiving

Operating Characteristics (ROC), plotted from the sensitivity and

sensibility of the PCs eigenvectors, for the three fallers groups in

comparison to the non-fallers group: fallers (+0 to +6 months)

vs. non-fallers, fallers (+6 to +12 months) vs. non-fallers, fallers

(+12 to +24 months) vs. non-fallers (Figure 3).

Step 7

Lastly, Odds ratios (OR) were quantified by performing multi-

ple univariate logistic regressions after a dichotomization process,

necessary to transform the continuous eigenvectors, by the com-

putation of the Youden Index (Youden, 1950; Shapiro, 1999;

Greiner et al., 2000). The latter consisted of the determination of

the cut-off value (J), from a maximization process of (Sensibility

+ Specificity) − 1; {J = maxc [Se(c) + Sp(c) −1]}. On this

basis, survival curves analyses using Kaplan-Meier testing were
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Table 1 | Details of 22 gait variables collected from the accelerometric gait analysis device.

Short title Full title Units Methods Brief definition

SPEED Speed m/s Regression model Average linear speed of forward displacement

STRF Stride frequency Hz Fast Fourier Transform Number of walk cycles per unit of time

STRD Stride duration s Time measure Average duration between two successive ground

contact of the same foot

STRL Stride length m Speed/SF Average length between two successive ground

contact of the same foot

PWCC Power in CC axis W/kg Fast Fourier Transform Power extracted from the FFT spectrum in CC axis

PWAP Power in AP axis W/kg Fast Fourier Transform Power extracted from the FFT spectrum in AP axis

PWML Power in ML axis W/kg Fast Fourier Transform Power extracted from the FFT spectrum in ML axis

PW3AX Total mechanical power on

the 3 axes

W/kg Combination Sum of the 3 powers extracted from the FFT

spectrum in CC, AP, LM axes

VO2 Oxygen consumption

estimate

ml/min/kg Regression model Estimation of oxygen consumption based on high

correlations between VO2 and power and SF

variables

SBV Support and breaking vector g Vector calculation Averaged vector of the first part of support phase

(deceleration or breaking phase)

SPV Support and propulsion

vector

g Vector calculation Averaged vector of the second part of the support

phase (propulsion)

UBG Unloading and breaking

vector

g Vector calculation Averaged vector during unloading and breaking phase

UBV Unloading and propulsion

vector

g Vector calculation Averaged vector during unloading and propulsion

phase

SY1CC Symmetry index 1 CC axis Without Autocorrelation Comparison of the left and right acceleration patterns

on CC axis (both acceleration amplitude and time on

all the strides)

SY2CC Symmetry index 2 CC axis Without Wavelet analysis+autocorrelation Comparison of the left and right acceleration patterns

on CC axis (both signal energy and time over all the

sample)

SY3CC Symmetry index 3 CC axis Without Wavelet analysis+autocorrelation Comparison of the left and right acceleration patterns

on CC axis (both signal energy and time on all the

strides)

SYML Symmetry index 4 ML axis Without Wavelet analysis+autocorrelation Comparison of the left and right acceleration patterns

on ML axis (both signal energy and time on all the

strides)

SYAP Symmetry index 2 AP axis Without Wavelet analysis+autocorrelation Comparison of the left and right acceleration patterns

on AP axis (both signal energy and time on all the

strides)

REG1CC Regularity index 1 CC axis Without Autocorrelation Variability analysis of the pattern in successive strides

of the sample by analysis of the acceleration patterns

in CC axis

REG2CC Regularity index 2 CC axis Without Wavelet analysis+autocorrelation Variability analysis of the pattern in successive strides

of the sample by analysis of the signal energy

patterns in AP axis

CCAE CC acceleration energy J/ Wavelet analysis Total Energy of the wavelet spectrum on CC

acceleration signal

HFSW High frequency shock wave % Wavelet analysis Percentage of the total energy due to high

frequency >4Hz due to foot impacts and transient

performed to assess if the identified markers were significantly

associated to fall as a function of its occurrence delay.

RESULTS

BASELINE CLINICAL CHARACTERISTICS

The mean and standard deviations, or frequencies and per-

centages, as appropriate, of the baseline characteristics of the

entire sample and the four groups [non-fallers, fallers (+0

to +6 months), fallers (+6 to +12 months) and fallers (+12

to +24 months)] are presented in Table 2. To identify potential

differences between non-fallers and fallers, One-Way ANOVAs

(or equivalent non-parametric Kruskal-Wallis test as appropri-

ate) were performed for all clinical variables. Note that no main

effect of group was found, whatever the tested clinical variable.
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Table 2 | Baseline clinical characteristics (mean ± standard deviation SD, or percentages) of the entire sample and the four groups: non-fallers,

fallers from 0 to 6 months, fallers from 6 to 12 months and fallers from 12 to 24 months.

Full sample Non fallers Fallers Fallers Fallers

(n = 259) (n = 187) (+0 to +6 months) (+6 to +12 months) (+12 to +24 months)

(n = 20) (n = 26) (n = 26)

Gender (woman, %) 152(58.7) 115(61.5) 10(50) 12(46.2) 15(57.7)

Age (years ± SD) 69.5 ± 2.6 69.4 ± 2.5 71.1 ± 2.7 69.3 ± 2.8 69.2 ± 2.5

Body mass index (kg.m−2 ± SD) 26.1 ± 3.6 26 ± 3.6 26.6 ± 3.8 26.2 ± 3.8 26.5 ± 3.2

Taking medications (%) 209(81) 145(78) 17(85) 24(92.3) 24(92.3)

Daily physical activity > 30 min (%) 201(77.6) 148(79) 15(75) 20(76.9) 18(69.2)

Global visual acuity score (a.u. ± SD) 1.7 ± 5.9 1.7 ± 6.0 0.6 ± 0.2 2.9 ± 9.5 0.9 ± 0.8

MMSE (score/30 ± SD) 27.2 ± 2.5 27.1 ± 2.4 27.1 ± 3.0 27.4 ± 2.5 27.1 ± 2.4

FAB (Score/18 ± SD) 13.9 ± 2.7 13.8 ± 2.6 13.4 ± 2.6 14.2 ± 3.3 13.9 ± 3.1

One leg standing > 5 s (%) 225(87.2) 164(87.5) 16(80) 22(84.6) 23(88.4)

No lower limb surgery (%) 220(85.3) 160(85.4) 15(75) 22(84.6) 23(88.4)

Not abnormal electrocardiogram (%) 202(78.3) 151(80.6) 13(65) 18(69.2) 20(76.9)

FIGURE 2 | (A) When results from all walking tests are visualized in a 3-D

space defined by the newly constructed variables PC1–3 (57.2% of

explained variance), clear differences can be seen between the four

groups: non-fallers, fallers from 0 to 6 months, fallers from 6 to 12 months

and fallers from 12 to 24 months. For the PC1, the participants who fell

from 0 to 6 months show a clear difference in behavior compared to the

three other groups. Similarly, when considering the PC2, the fallers from 6

to 12 months can be significantly differentiated from all the other groups.

With PC3, no differentiation between groups was found. Note that the

group of fallers from 12 to 24 months displays a behavior very similar to

the non-fallers group. (B) These visual findings are confirmed by one-way

analysis of variance, with the 4 groups used as a differential factor

between subjects. The HSD Tukey tests were used as post-hoc tests

following significant effects. The histograms represent the mean score of

eigenvector for each group with ±95% confidence intervals. Note.
∗p < 0.05, ∗∗p < 0.01 ∗∗∗p < 0.001.
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FIGURE 3 | Based on logistic regressions performed with the eigenvectors

of PC1, PC2 and PC3, the quality of the models was evaluated by the area

under the Receiver Operator Characteristic (ROC) Curve (AUC). The

resulting models were compared in relation to three groups of fallers: fallers

from 0 to 6 months, fallers from 6 to 12 months, and fallers from 12 to 24

months. The significant AUC (i.e., different from a random law) are displayed in

the figure where #p < 0.05, ##p < 0.01, or ###p < 0001. Note. Significant

difference between models is reported: ∗p < 0.05, ∗∗p < 0.01 ∗∗∗p < 0.001.

In addition, the overall statistical results are presented for each of

these confounding variables in Table 3, with the regression coef-

ficient β ± the standard deviation and p-value. It is worthy to

note that only a significant association between falls and age was

found for the fallers group (+0 to +6 months), with the non-

fallers used as the reference level (β = 0.23 ± 0.09; p = 0.01).

There were no other significant relations, no matter what the con-

founding factor included in the multinomial logistic regression

analysis.

Steps 1–4

PC1 is composed of the following variables (r > 0.5, p < 0.05),

which represent 80.6% of the PC1-variance and 36.7% of the total

variance: VO2, PW3AX, CCAE, PWCC, PWAP, SPEED, PWML,

STRF, SBV, STRL (see Figure 1 and Table 1 for the details). We

denominated this PC1 the “Global kinetics of gait pattern,” includ-

ing the mechanical power and temporo-spatial variables of walk-

ing gait. Principal component loadings also revealed a PC2 called

“Global gait regularity,” which is composed of following variables

(r > 0.5, p < 0.05), representing 54.3% of the PC2-variance and

12.6% of the total variance: SY2CC, REG1CC, SY3CC, HFSW

(see Figure 1 and Table 1 for details). This component included

three variables related to gait symmetry and regularity of walking

strides (low variability). Finally, PC3 is constituted of variables

(r > 0.5, p < 0.05) which represent 49.7% of the PC3-variance

and 7.9 % of the total variance: STRD, UBG, STRL (see Figure 1

and Table 1 for details). We labeled PC3 “Stride time,” including

both stride duration and sum of acceleration vectors averaged by

a part of stride time duration.

Step 5

The decomposition of the PC eigenvectors according to the

non-faller groups showed a significant effect of group for PC1

[F(3, 1032) = 13.58, p < 0.001] and PC2 [F(3, 1032) = 10.06, p <

0.001]. No main effect of the group was shown with PC3

[F(3, 1035) = 0.48, p = 0.7]. The following HSD-Tukey post-hoc

tests showed that the fallers (+0 to +6 months) are greatly

different from the non-fallers (p < 0.001) and the fallers (+6

to +12 months) (p < 0.001) on PC1. When considering PC2

“Global gait regularity,” the post-hoc comparisons revealed that

the fallers (+6 to +12 months) differed from the non-fallers (p <

0.001) and the fallers (+0 to +6 months) (p < 0.001) (Figure 2).

Step 6

The ROC analysis revealed that PC1 had a significant predic-

tive power of the first fall onset during the first six months

after the initial screening: AUC = 0.7 (0.64–0.75, 95% CI) (p <

0.001). Over the course of these first six months, no association
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Table 3 | Regression coefficient β ± standard deviation and p-value for all baseline characteristics, obtained by multinomial logistic regression

analysis.

Non fallers = reference (n = 187)

Fallers (+0 to +6 months) Fallers (+6 to +12 months) Fallers (+12 to +24 months)

(n = 20) (n = 26) (n = 26)

β ± SD p β ± SD p β ± SD p

Gender 0.47 ± 0.47 0.320 0.62 ± 0.42 0.139 0.16 ± 0.43 0.707

Age 0.23 ± 0.09 0.010 −0.02 ± 0.08 0.805 −0.03 ± 0.08 0.750

Body mass index 0.05 ± 0.06 0.472 0.02 ± 0.06 0.734 0.04 ± 0.06 0.495

Taking medications 0.44 ± 0.65 0.504 1.19 ± 0.76 0.118 0.74 ± 0.64 0.249

Daily physical activity (>30 min) 0.27 ± 0.55 0.626 0.16 ± 0.50 0.746 0.55 ± 0.46 0.231

Global visual acuity −0.05 ± 0.09 0.558 −0.09 ± 0.08 0.275 0.03 ± 0.08 0.743

MMSE 0.01 ± 0.17 0.959 0.09 ± 0.18 0.625 0.07 ± 0.17 0.693

FAB −0.055 ± 0.08 0.496 0.057 ± 0.083 0.490 0.006 ± 0.078 0.938

One leg standing (>5sec) 0.68 ± 0.68 0.322 0.71 ± 0.61 0.245 −0.07 ± 0.78 0.924

No lower limb surgery 0.89 ± 0.56 0.117 0.28 ± 0.59 0.635 −0.05 ± 0.65 0.936

Not abnormal electrocardiogram 0.78 ± 0.53 0.141 0.81 ± 0.47 0.084 0.42 ± 0.51 0.408

Note. Significant results are indicated in bold type (i.e., p < 0.05).

between the PC1 and falls was found (AUC < 0.5, p > 0.05)

(Figure 3).

In the same vein, the logistic regression analysis revealed a rel-

evant interest of PC2, significantly associated with an increased

risk of first fall onset only when it occurred between the sixth and

the twelfth months: AUC = 0.67 (0.62-0.72, 95% CI) (p < 0.001)

(Figure 3). Note that no predictive power of PC3 was determined

by the ROC analysis (AUC < 0.5, p > 0.05), whatever the date of

the first fall onset.

Step 7

The logistic regression parameters showed ORs of 3.89 (2.2–

6.7, 95% CI) (p < 0.001) and of 3.6 (2.16–5.89, 95% CI) (p <

0.001), for PC1 and PC2, respectively. Lastly, considering only the

non-fallers and fallers (+0 to +6 months), Kaplan-Meier’s distri-

butions of falls differed significantly between those with values

lower than cut-off value PC1 eigenvector and those with val-

ues higher than the cut-off value PC1 (log-rank test = 31.74,

p < 0.001; Figure 4). For the non-fallers and fallers (+6 to +12

months), similar difference of Kaplan-Meier’s distributions of

falls was found between those with values lower than cut-off value

PC2 eigenvector and those with values higher than the cut-off

value PC2 (log-rank test = 27.15, p < 0.001; Figure 4).

DISCUSSION

Using a very simple and economical gait analysis system that

allowed ecological measurements, we proposed a metrological

and statistical analysis of gait patterns in home-dwelling people

aged 66–75, with follow-up telephone calls each month during

the first year, and every three months during the second year. The

current findings provide for the first time the possibility of iden-

tifying relevant indicators of imminent fall occurrence, that is the

“Global kinetics of gait pattern” (PC1) and the “Global gait regular-

ity” (PC2). In addition to the fact that the identification of these

markers is relatively easy to envisage in clinical settings (i.e., safe

test, short duration, and low cost), and might of special interest

to accurately estimate the available time before the occurrence of

the first fall. Furthermore, this new key information might be use-

ful for recommending a specific fall-prevention program. From a

clinical viewpoint, to perform a walking test at least once a year

might be essential for fall prevention.

It is important to bear in mind that the current cohort is very

specific and original (i.e., home-dwelling people that had never

fallen), and by definition has no previous evidence. In this respect,

it is not necessarily surprising that no difference between the

four groups was found when considering all the screened clini-

cal variables (see Table 3). It might be suggested that the present

population was “full-matched” at the time of inclusion, with the

same well-documented multifactorial risks for falling (Gillespie

et al., 2012; Bloch et al., 2013). Thus our current findings on

the specific gait markers reinforce the main idea to accurately

assess gait behavior for this healthy home-dwelling population.

But this point needs to be confirmed and to be precisely tested in

a prospective independent cohort. Nevertheless the current find-

ings observed in an original cohort confirm that the gait analysis

is probably one of best tools to predict the first fall onset, and most

importantly, its occurrence time frame.

SPECIFIC GAIT MARKERS AND RISK OF FIRST FALL

Numerous studies have already demonstrated the relationship

between gait disorders and risk of falling in the elderly, by

supporting the idea that a decrease in walking speed in usual

conditions and an increase of stride-time variability are strong

predictors of falls (Dargent-Molina et al., 1996; Brach et al.,

2005; Verghese et al., 2009; Studenski et al., 2011). However, as

far as we know, all the conclusions drawn in the current retro-

or prospective studies cannot be implemented in a population

of healthy elderly people that have never fallen. Indeed, stud-

ies with prospective follow-up for falls do not warrant that the

participants included in the cohorts had not already fallen before

the year preceding the initial screening.

Frontiers in Aging Neuroscience www.frontiersin.org February 2014 | Volume 6 | Article 22 | 8



Mignardot et al. First fall in elderly people

FIGURE 4 | Kaplan-Meier estimates of the probability of a first fall occurrence during the first year follow-up according to the cut-off value of PC1

eigenvector (left) or PC2 eigenvector (right).

In this original context, the alterations in global kinetics of

gait pattern (i.e., the PC1) can be used as a new locomotor

marker, which is significantly associated with an increased risk

of imminent fall occurrence. Based on a data reduction of high-

dimensional gait data to a low-dimensional set of essential fea-

tures, our analysis actually showed that PC1 discriminated the

fall status during the first 6 months (see Figures 2, 3). Moreover,

these results are bolstered by the ROC analyses: the logistic model

showed that PC1 was significantly related to a higher risk of first

fall during the first six months (AUC = 0.7, p < 0.001, OR =

3.89, p < 0.001). It is also worth noting that this first marker is

modeled by a few variables (VO2: r = 0.957, p < 0.001, PW3AX:

r = 0.952, p < 0.001 and CCAE: r = 0.927, p < 0.001), which

are closely linked to symptoms of hypokinesia (see Table 1).

Indeed, it is well established in the literature that aging can lead

to impairments in the central and/or peripheral nervous system,

which are consequently reflected in executive functions, or by a

decrease in physical, functional and locomotor performance (e.g.,

Lundin-Olsson et al., 1997).

In this light, the slowing down of walking speed—a vari-

able that composes the PC1—might be partially explained by a

decrease in volume / thickness of white and gray matter at the

cortical and subcortical levels (i.e., corticospinal tract, cortical

atrophy in the frontal, parietal, hippocampal and motor-cortex),

which are in charge of the programming and the execution of

locomotor commands (Annweiler and Montero-Odasso, 2012; de

Laat et al., 2012; Dumurgier et al., 2012; Rosano et al., 2012).

Moreover, considering pathways downstream of the CNS, physio-

logical aging also causes alterations in nerve conduction velocities

(Borg, 1981; Wang et al., 1999; Scaglioni et al., 2002), muscle

synergies/coordination (Woollacott et al., 1986; Olafsdottir et al.,

2007), contractility of acto-myosin bridges (Frontera and Bigard,

2002; D’Antona et al., 2003), and transmission of force to the

skeletal system (Narici and Maganaris, 2006; Onambele et al.,

2006; Carroll et al., 2008). All these changes might cause impair-

ment in motor skills, postural control and gait speed (Baloh

et al., 1998; Brach and VanSwearingen, 2002; Amiridis et al., 2003;

Capodaglio et al., 2005; Buatois et al., 2006; Jung et al., 2006;

Paterson and Warburton, 2010). Taken together, these aforemen-

tioned studies might explain the observed hypokinetic behavior

in participants that have fallen during the first 6 months, as an

evidence of lack of flexibility (Hausdorff et al., 1996; Jordan et al.,

2007).

The second major result highlighted in this study is the rel-

evance of the “Global gait regularity” marker strongly related to

the occurrence of a possible first fall 6–12 months after the ini-

tial screening test (AUC = 0.67, p < 0.001, OR = 3.6, p < 0.001).

Given the three variables included in the PC2 (these variables

are SY2CC: r = 0.766, p < 0.001, REG1CC: r = 0.733, p < 0.001

and SY3CC: r = 0.675, p < 0001), the locomotor behavior is

characterized by changes in regularity and symmetry parameters.

There is clear evidence to suggest that the global gait regular-

ity or gait variability (usually reported by using the coefficient of

variation of stride time) is strongly associated with a risk of falling

(Brach et al., 2005; Montero-Odasso et al., 2009; Lord et al., 2011;

Beauchet et al., 2012; Toebes et al., 2012). From a neurophysiolog-

ical point of view, some studies have clearly shown that changes

in gait variability could be the result of atrophy and dysfunction

in the parietal cortex (right angular gyrus) and hippocampus,

which supports the idea of the decline of sensorimotor areas

involved in executive functions (Camicioli et al., 1997; Marquis

et al., 2002; Hausdorff, 2005; Zimmerman et al., 2009; Zwergal

et al., 2012; Beauchet et al., 2013). More precisely, according to

the results of Beauchet et al. (2013), the focal neurodegeneration

(especially in the parietal cortex, which is strongly involved in

executive functions) might have altered the spatial displacement

in relation to the surrounding environment, with subsequent

impairment in gait regularity. In the same vein, Zwergal et al.

(2012) demonstrated a relationship between age and the cor-

tical control of gait, evidenced by higher attentional cost for

controlling locomotor activity with age (i.e., the component of

voluntary and executive function processes during the control of

gait). In particular, they showed that the supraspinal locomo-

tor centers remained preserved during aging, but multisensory
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cortical control of locomotion changed with age. If young peo-

ple adopt an automated mode of locomotion, the multisensory

cortical activation in elderly persons occurs as a result of reduced

reciprocal inhibitory sensory interaction. This might serve as a

compensatory mechanism for peripheral sensory decline with age

and confirm the more costly and irregular mode of locomotion in

the elderly (see Zwergal et al., 2012, for details).

WHAT COULD BE DONE WITH THESE SIGNIFICANT MARKERS?

The aforementioned morpho-functional alterations in muscu-

lar peripheral and central nervous systems as the source of gait

disturbances are the result of natural physiological aging and

apoptosis (Lexell, 1997; Tomlinson and Irving, 1977). Despite the

inevitable component of aging, it is, however, possible to reduce

or delay this age-related cognitivo-motor decline, through the

preservative effects of adapted and regular physical activity. In

fact, many studies have already demonstrated the positive impact

of different exercise programs (e.g., voluntary muscular strength,

neuromuscular electrostimulation, aerobic exercises, functional

daily living exercises, combined training, dancing) on the daily

activities and autonomy, quality of life, balance and/or walking

(Fiatarone et al., 1994; Tinetti et al., 1994b; Dionne et al., 2003;

Gauchard et al., 2003; Robinson et al., 2004; Toulotte et al., 2004;

Capodaglio et al., 2005; Paillard et al., 2005; Sievänen and Kannus,

2007).

A subject exhibiting a generalized hypokinesia (i.e., indicative

of imminent fall occurrence a maximum of 6 months prior to

falling), could have an urgent need to be included in a preven-

tion program. For example, the neuromuscular changes following

a muscular training program are well-documented in the litera-

ture in order to improve locomotor skills (Scaglioni et al., 2002;

Capodaglio et al., 2005; Paillard et al., 2005). In parallel, or per-

haps a priority given this patient profile, the implementation of

structured safety programs for the daily living environment is

of special interest for reducing risk factors (Tinetti et al., 1994b;

Cumming et al., 1999; Sievänen and Kannus, 2007).

A subject with alterations in gait regularity and symmetry (i.e.,

the “gait variability” marker linked to the occurrence of a poten-

tial first fall 6–12 months), would have enough time to benefit

from specific therapeutic actions (multi-localized actions leading

to a more efficient adaptation). This suggestion is in agreement

with a recent study by Trombetti et al. (2011), which showed the

benefits of a 6-month exercise multitasking program (performed

at the tempo dictated by piano music), on the recovery of gait

variability at normal levels, associated with a significant reduction

of falling risk in the elderly.

LIMITS AND CONCLUDING REMARKS

Some limitations of the present study need to be considered.

First, it should be noted that the number of fallers group was

relatively low for each subgroup: n = 20 for fallers (+0 to +6

months), n = 26 for fallers (+6 to +12 months) and fallers

(+12 to +24 months), and the size of fallers sample should be

increased to reinforce the predictive power of our first risk profile

model. The possibility of over-fitting results needs to be con-

sidered. It is worth reminding that each subject performed four

gait tests. Thus each walking test was considered as “a subject”

that can be implemented into the PCA and subsequent statisti-

cal analyses (Courtine et al., 2009; van den Brand et al., 2012).

Accordingly, all the analyses have been performed by considering

748 nonfallers-related tests and 288 fallers-related tests (i.e., 1036

“walking tests”). When fallers have been splitted in subgroups,

then the analyses have been performed with n = 80 fallers-related

tests for 0–6 months, or n = 104 fallers-related tests for 6–12

months or >12 months. This validated methodological proce-

dure provided the advantage to reinforce the internal validity of

results. Secondly, the regular follow-up phone-calls did not allow

for re-assessment of the participants, in particular with regard to

the walking test, in order to check what parameters were altered

after the fall. Lastly, this observational design did not allow for the

control of the risk factors and events during the follow-up por-

tion of the study. Even if there is a significant association between

gait parameters and future falls (with potential clinical impact in

terms of recommendations for specific fall-prevention programs),

no causal link between the currently observed indicators and the

first fall onset can clearly be drawn.

In any event, for the first time, the alterations in global kinetics

of gait pattern and gait regularity have been identified as locomo-

tor markers in older people that had never fallen. We suggest that

these two specific gait markers might help the medical profession

to prescribe an intervention early enough to effectively prevent a

fall in healthy elderly people. Within this context of effective pri-

mary prevention, medical professionals could also recommend

urgent changes in the patient’s environment and recommend

structured safety programs that will target suboptimal practices

for environmental and personal safety.
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Abstract

Background: Protein-energy wasting (PEW) is common in hemodialysis patients and is a powerful predictor of

morbidity and mortality. Although much progress has been made in recent years in identifying the causes and

pathogenesis of PEW in hemodialysis patients, actual management by nutritional interventions is not always able to

correct PEW. Some investigators suggest that physical exercise may increase the anabolic effects of nutritional

interventions, and therefore may have a potential to reverse PEW. The aim of this study is to investigate the effect

of intra-dialytic progressive exercise training and adequate nutritional supplementation on markers of PEW,

functional capacities and quality of life of adult hemodialysis patients.

Methods and design: Fifty end-stage renal disease patients undergoing hemodialysis, who meet the diagnostic

criteria for PEW, will be randomly allocated into an exercise or control group for 6 months. The exercise consists of a

progressive submaximal individualized cycling exertion using an adapted cycle ergometer, during the three weekly

dialysis sessions. Biological markers of nutrition (albumin, prealbumin) will be followed monthly and all patients will

be assessed for body composition, walk function, muscle strength, postural stability and quality of life at baseline

and during the eighth week (t+2), the sixteenth week (t+4) and the twenty-fourth week (t+6) of the 6-month adapted

rehabilitation program.

Discussion: The successful completion of this current trial may give precious clues in understanding PEW and

encourage nephrologists to extend prescription of exercise programs as well as therapeutic and as preventive

interventions in this high-risk population.

Trial registration: The protocol for this study was registered with the France Clinical Trials Registry NCT01813851.

Keywords: Hemodialysis, Protein-energy wasting, Nutritional supplementation, Intradialytic physical activity, Quality

of life
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Background
Nowadays, more than two million people are treated

worldwide by dialysis for end-stage renal failure [1]. Des-

pite significant progress in dialysis techniques and in the

treatment of associated comorbidities, hemodialysis (HD)

patients experience an impairment of their quality of life

and have a much higher risk of mortality compared to an

age-matched population. A sedentary lifestyle and an al-

tered nutritional status have been identified as major risk

factors for adverse outcomes in dialysis patients [2,3].

Dialysis patients have decreased physical functioning

(assessed by peak oxygen consumption ( _VO2max), phys-

ical performance tests, and self-reported functioning), di-

minished muscle mass and altered muscle quality, and all

of these features are associated with an increased mortality

risk [4-6]. These disturbances are directly related to renal

failure and comorbidities, and also to adverse effects from

medical treatments and from the dialysis itself. Dialysis in-

duces notable metabolic changes: hypovolemia due to

ultrafiltration, and rapid changes in electrolyte concentra-

tions and systemic inflammation, which can all adversely

affect physical function [7]. In addition, dialysis imposes

immobilization over 12–18 hours a week, thereby directly

contributing to sedentary behavior that can further

worsen the medical condition of HD patients. This vicious

circle can finally lead to the development of disability, loss

of independence, and death [8]. For all these reasons dialy-

sis patients have low levels of daily physical activity [9].

Therefore, it seems rational to promote programs for ex-

ercise training in this population.

In this vein, a large amount of literature published in the

past 30 years has documented a myriad of potential bene-
fits from exercise. Several include: increased maximal oxy-

gen uptake capacity ( _VO2max), improved blood-pressure

control [10], decreased arterial stiffness [11], decreased

systemic inflammation [12], improved solute removal by

dialysis [13,14], increased muscle mass, quality and force

[15], and favorable psychological adaptations (e.g., higher

perceived quality of life) [16]. Thus there is a large body of

evidence that the impact of end-stage renal disease

(ESRD) can be – for at least a significant part - counter-

acted by exercise training [7,17-20].
Along with this altered overall physical functioning,

malnutrition is highly prevalent in the ESRD population,

and is well-documented to be a strong predictor of mor-

tality. Significant evidence comes from the data of large

observational trials (USRDS, DOPPS [1-21]) showing that

malnourished dialysis patients have an increased risk of

mortality [22,23]. In this context, the International Society

of Renal Nutrition and Metabolism (ISRNM) has recom-

mended the term “protein–energy wasting” (PEW) to de-

scribe the loss of body protein mass and fuel reserves and

have defined the diagnostic criteria for this state (see

Table 1).

All these criteria are individually associated with an

increased risk of adverse outcome so it can be assumed

that the concomitant presence of at least three criteria

is an even more powerful predictor of morbidity and

mortality. However, to the best of our knowledge, until

now no report exists about the prevalence and clinical

outcomes of PEW (as defined by the ISRNM). It can

be noted, however, that a large observational French

study reported that 36% of HD patients had a prealbu-

mine < 300 mg/dl, 20% had albumin < 35 g/l and 62%

a diminished lean body mass (LBM) < 90% [24].

The mechanisms causing PEW are complex and multi-

factorial: low nutrient intake (sometimes due to dietary

restriction), loss of nutrients into dialysate, abnormalities

that stimulate protein degradation and/or decrease pro-

tein synthesis. On this last point, we can include the

production of inflammatory cytokines, oxidative and car-

bonyl stress, endocrine disorders (hyperparathyroidism,

hypogonadism, diabetes, decreased insuline/insuline like

growth factor (IGF) signaling), acidosis, electrolyte

Table 1 ISRNM criteria for the clinical diagnosis of PEW in

maintenance dialysis patients

Criteria*

Serum
chemistry:

Serum albumin < 3.8 g per 100 ml

Serum prealbumin < 30 mg per 100 ml

Serum cholesterol < 100mg per 100 ml

Body mass:

BMI < 23

Unintentional weight loss over time: 5% over 3 months
or 10% over 6 months

Total body fat percentage < 10%

Muscle mass:

Muscle wasting: reduced muscle mass 5% over 3 months
or 10% over 6 months

Reduced mid-arm muscle circumference area
(reduction > 10% in relation to 50th percentile of
reference population)

Creatinine appearance

Dietary
intake:

Unintentional low dietary protein intake <0.80 g.kg-1.day-1
for at least 2 months

Unintentional low dietary energy intake <25 kcal.kg-1.day-1
for at least 2 months

*At least three out of the four listed categories (and at least one test in each

of the selected category) must be satisfied for the diagnosis of kidney disease

related PEW. Optimally, each criterion should be documented on at least three

occasions, preferably 2-4 weeks apart.

ISRNM, international society of renal nutrition and metabolism; PEW, protein-

energy wasting; BMI, body mass index.
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imbalance, and anemia [25]. Further, low daily physical

activity causes the loss of muscle mass and force and

thereby directly contributes to worsen PEW. Traditional

management of PEW according to international guide-

lines (coming from the EBPG working group on nutri-

tion [26]) consists of dietary counseling, oral nutritional

supplements, enteral feeding, and in severe cases, the

use of intradialytic or total parenteral nutrition. Several

studies, however, have shown that these interventions

are not always able to correct PEW [27].

Simultaneously, considerable literature has pointed out

the anabolic effects of physical activity. For example,

both strength and endurance exercise induce transcrip-

tional changes in genes (IGF, myostatin) favoring ana-

bolic muscle [28]. Morevover, histologic and computed

tomography studies have clearly demonstrated a de-

crease in muscle atrophy and an improvement of the

overall muscular structure and quality (increased pro-

portion of type II, oxydative fibers) [29]. There is also

some evidence that intradialytic exercise, combined with

oral or parenteral nutrition, enhances amino acid uptake

and protein accretion in the muscles of HD patients

[30,31]. Strong arguments exist for programming the

adapted exercise training during the dialysis session ra-

ther than on non dialysis days, as there is better adher-

ence by patients who feel safer doing exercise under

medical monitoring, as a the counteraction to the inactiv-

ity due to the dialysis session, and due to a greater removal

of uremic toxins (as shown for urea (KT/V) and phos-

phorous) by improved tissue mobilization. In addition, ac-

cording to the large amount of published clinical trials,

the risks of prescribing exercise even in this frail popula-

tion are limited and the benefits largely prevail. Musculo-

skeletal injuries and cardio-vascular events are the most

common risks of physical exercise. Both types of adverse

events occur more frequently with high-intensity exercise

than with submaximal exercise [32]. In this present trial,

patients will be advised to exercise at a moderate level of

perceived exertion and will be under continuous supervi-

sion by medical personnel. It should also be mentioned

that European guidelines on nutrition in HD patients ex-

plicitly recommends regular physical exercise [26].

In sum, there are strong arguments in the literature to

prescribe exercise in HD combined with nutritional in-

terventions in patients suffering from PEW in an at-

tempt to enhance the anabolic effects of nutrition and

hereby reverse this high-risk state.

Specific aims

The aim of this randomized controlled trial is to

analyze the impact of a progressive intra-dialytic exer-

cise program combined with nutritional support fol-

lowing current guidelines on nutritional parameters

defined for PEW and its potential to reverse PEW. In

addition, this trial will study the effect of intradialytic

exercise on functional performance (walking, postural

control, and muscular strength), body composition and

health-related quality of life in HD patients.

Methods and design
Study design

This study is a multicenter, open-label randomized con-

trolled trial. The study will be conducted at the outpatient

HD Laennec Dialysis unit and Confluent Dialysis unit of

the ECHO Dialysis Association. HD patients will be ran-

domly distributed into a control or an exercise group. The

randomization sequence of the participants will be gener-

ated by a computer program. A bio-statistician not in-

volved in recruitment and assessment will perform the

randomization.

The present study was approved by the Ethical Com-

mittee of Nantes Ouest IV (reference: ID RCB n°2012-

A01662-41), and was conducted in accordance with the

Declaration of Helsinki (last modified in 2004). All par-

ticipants will receive written and verbal information

about the aims and procedures of the study and will sign

a consent form to participate in the study.

Participants’ recruitment

All of the 210 patients treated by hemodialysis or online-

hemodiafiltration in the participating centers will be

screened for the presence of criteria for PEW. The princi-

pal investigators will review the existing patients’ database

for serum albumin, serum prealbumin, C-reactive protein

(CRP) levels, body mass index (BMI) and the presence of

weight loss according to the PEW criteria. Potential sub-

jects will have additional tests (measure of lean body mass

index by bio-impedance and a 3-day dietary record by a

qualified dietician in order to evaluate their protein and

energy intake). Patients fulfilling inclusion/exclusion cri-

teria and having signed an informed consent for the study

participation will undergo randomization generated by a

computer program. We expect to recruit approximately

fifty HD patients for this study.

Inclusion criteria

! Adult patients, male or female (Age > 18 years).

! Minimum hemodialysis vintage of 3 months.

! Stable on HD, in gender.

! No recent hospitalization.

! No acute or chronic medical conditions that would

make exercise training potentially hazardous or

primary outcomes impossible to assess.

! Patients who meet the following criteria for PEW

(according to [25]), meeting at least three out of the

four listed categories and at least one test in each of

selected category:
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– Serum chemistry criteria: Serum albumin

level < 38 g/L (Bromcresol Green), or serum

prealbumin < 300 mg/L,

– Body mass criteria: BMI < 23 kg/m2, or

unintentional weigh loss > 5% over 3 months or

> 10% over 6 months,

– Muscle mass criteria: lean body mass (LBM)

estimated by bioimpedance spectroscopy

(Body Composition Monitor (BCM) Fresenius,

Bad Homburg, Germany) lower than the

10th percentile of an aged-matched normal

population. This method is validated in dialysis

patients [33,34].

– Dietary intake criteria: Unintentional low dietary

protein intake < 1 g/kg of ideal weight/day for at

least 2 months, unintentional low dietary energy

intake < 30 kcal/kg of ideal weight/day for at least

2 months.

! Informed consent of the patient.

Exclusion criteria

! Contraindication or inability to perform the physical

exercise.

! Inadequate dialysis Kt/V < 1.2.

! Presence of a cardiac pacemaker (incompatible with

the BCM measures).

! Systemic inflammation CRP > 20 mg/l.

! Pregnant woman.

! Patient under guardianship.

! Participation in another clinical interventional trial.

! Unstable on dialysis.

Intervention

All the patients will continue their usual dialysis proced-

ure (HD or HDF). No modifications of dialysis modality

or prescriptions are allowed except for adaptation of dry

weight using clinical criteria.

Both patients in the control and exercise groups will re-

ceive dietary counseling by a trained dietician. The pre-

scription of oral nutritional complements or intradialytic

parenteral nutrition will be adapted to patient needs ac-

cording to the dietary record in order to attain goals set

by the EBP guidelines for gender energy intake 30–40

kcal/kg of ideal weight/day, and protein intake > 1.1 g/kg

of ideal weight/day.

Exercise group

A 6-month adapted rehabilitation program will be con-

ducted by means of progressive submaximal individual-

ized cycling exercise, consisting of three sessions per

week. The exercise will be prescribed during the first

two hours of dialysis session using an adapted cycle erg-

ometer (« Reck moto-med letto ») that allows cycling in

a supine position at different resistance levels. The

cycle ergometer displays the number of revolutions per

minute, the power developed and the distance virtually

traveled. For the patient, these types of visual feedback

are motivational factors that are recognized in the lit-

erature [35]. Further, it should be noted that this cycle

ergometer also allows for passive motorized pedaling

(i.e., the patient can pedal without effort).

The aim of this 6-month individualized program is to

reach a 30 min duration of continuous cycling at a mod-

erate exercise intensity, which corresponds to the level

“3 – moderate” on the Borg Rating Perceived Exertion

(RPE) scale (graduated from 0 to 10, where 0 = no effort

at all, and 10 = most extreme effort imaginable). Accord-

ing to recommendations issued from a large scale meta-

analysis [36], the exercise will be initially performed at

this intensity exercise perceived as moderate by the pa-

tient on the RPE scale (i.e., level 3). We deliberately

chose this method based on the patient’s rating percep-

tions rather than a method based on the heart rate as-

sessment because many dialysis patients have automatic

impairment or drug treatments that can interfere with

the heart rate control. This method is readily accessible,

reproducible and easy to use. Several exercise training

intensity levels at 50% to 85% of the maximal oxygen

consumption correspond consistently to ratings of 3–7

levels on the Borg RPE scale [37].

To estimate the targeted moderate exercise intensity,

an exercise protocol with an increasing intensity on the

cycle ergometer will be performed at the inclusion, be-

fore the rehabilitation program. During this first evalu-

ation, after a warm-up of 5 minutes without resistance,

the patient will pedal with a self-selected chosen cadence

against an increasing resistance imposed by the cycle

ergometer, until the patient reaches a level perceived as

moderate, namely level 3 on the Borg RPE scale. A simi-

lar monthly assessment will be realized to update the in-

tensity of cycling exercise. During these sessions, the

patient will be regularly asked about level of shortness of

breath, any feelings of fatigue and pain, with a visual

analogue scale (0–10 cm), in order to reduce the exer-

cise intensity if necessary.

During a dialysis session, the cycling exercise will be

performed in the first half of the session. After a 5 min

warm-up without resistance, the patient will gradually

reach the intensity corresponding to level 3 on the Borg

RPE scale. Then the patient will be instructed to main-

tain this cycling exercise intensity for at least 10 minutes

during the first month, 15 minutes during the second

one, 20 minutes for the two next months in order to

achieve the targeted exercise duration of 30 minutes in

the two last months. The first target is to observe an

evolution of their functional capacity/performance over

time. Finally, a period of active recovery (pedaling
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without resistance) followed by a period of passive ped-

aling recovery will end the exercise session. Blood pres-

sure and heart rate will be measured at the beginning

and the end of the exercise session. Heart rate will be

maintained below 70% of maximum heart rate during

the cycling exercise. At the end of the dialysis session,

the HD patient will be asked to estimate pain level, bore-

dom level and mood as perceived during the session,

with a visual analogue scale graduated from 0 to 10.

Nephrologists, nurses, and a specialist in adapted phys-

ical activities will monitor the patient.

Control group

Similarly, at the end of each dialysis session, the “con-

trol” patient will be asked to estimate his pain level,

boredom level and mood perceived during the session,

with a visual analogue scale graduated from 0 to 10 [38].

Outcome measures

All the measures listed below will be assessed at the

baseline t0, and during the eighth week (t+2), the six-

teenth week (t+4) and the twenty-fourth week (t+6) of the

6-month adapted rehabilitation program.

Primary outcome measures

The primary outcome of this study is the number of pa-

tients who are no longer in a state of protein energy

wasting after 6 months of exercise training compared to

the control group. We define correction of PEW as the

normalization of albumin and prealbumine, and of the

lean tissue index, considering these items to be the clin-

ically most relevant for the diagnostic criteria of PEW.

Biological sample

Patients in both groups will have routine serum chemistry

measures according to follow-up guidelines for dialysis pa-

tients in terms of serum electrolytes, -bicarbonate, s-urea

and creatinine, urea reduction rate, KT/V monthly, PTH

and 25 OH vitamine D, which will be measured at the be-

ginning and at the end of the study. Patients will receive

oral native vitamin D supplementation in order to main-

tain serum 25 OH levels in the normal laboratory range.

Dietetics survey

Protein and energy intake will be assessed by a qualified

dietitian by means of a 3 day food record at the begin-

ning and at the end of the study.

Secondary outcome measures

Secondary outcome measures include: (i) changes in bio-

logical markers of nutrition (albumin and prealbumine),

body composition (LTI, FTI), muscle strength, walk func-

tion, postural stability, quality of life, days of hospitalization,

and survival.

Biological markers of nutrition (albumin and prealbumine)

Serum albumine and -prealbumine will be measured

monthly. BMI will be calculated at month t+2, t+4 and t+6.

Serum albumine is measured by the bromcresol green

method (normal range (38–52 g/l), serum prealbumine is

measured by the immune-turbidimetric method (normal

range 300–400 mg/l).

Body composition

Body-composition (overhydration, lean tissue index

(LTI, kg/m2) and fat tissue index (FTI, kg/m2) will be

measured by bioimpedance spectroscopy using a Body

Composition Monitor (BCM, Fresenius Medical Care,

Bad Homburg, Germany) at month 2, 4 and 6 just be-

fore the midweek dialysis session.

Walk function

The walk function assessment will be performed using a

6 min-walk-test (6MWT). This test has been considered

to be an appropriate test to assess a patient’s functional

and physiological response and cardiovascular fitness

[39]. Patients will walk along a measured circuit (15 m),

and are instructed to cover as much distance as possible

in the six minutes. Blood pressure, heart rate and rating

perceived exertion (RPE) will be assessed before and

after the 6MWT.

Muscle strength

Maximal quadriceps strength during a knee extension

will be tested using a manual dynamometer (Metil In-

dustry©, Belgium). Patients will perform three maximal

leg extensions in sitting position before a dialysis session.

At least five minutes of recovery will be provided be-

tween 2 consecutive measurements.

Quality of life

The self-reported quality of life will be evaluated using

the Medical Outcome Study Short Form 36 (SF-36)

[40-42], which has been documented to be reliable and

valid in dialysis patients [10,43]. This SF-36 is a generic

multidimensional instrument consisting of eight multi-

item scales representing: (1) physical functioning (extent

to which health limits physical activities, such as self-care,

walking, and climbing stairs), (2) social functioning (extent

to which physical health or emotional problems interfere

with normal social activities), (3) role-functioning physical

(extent to which physical health interferes with work or

other dally activities), (4) role-functioning emotional (ex-

tent to which emotional problems interfere with work or

other daily activities), (5) mental health (general mental

health, including depression, anxiety, behavioral and emo-

tional control, and general positive effect), (6) vitality (feel-

ing energetic and full of pep rather than tired and worn

out), (7) bodily pain (intensity of pain and effect of pain
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on normal work, both inside and outside the home), and

(8) general health perceptions (personal evaluations of

current health, health outlook, and resistance to illness).

Postural stability

Balance during a quiet stance will be tested after a rest

period before the dialysis session. The postural test will

consist of two conditions of quiet stance: stance on a

firm surface with eyes open (EO) and stance on a firm

surface with eyes closed (EC). Participants will stand

quietly while barefoot, with the head in a straight-ahead

position, their arms along the body. During conditions

with eyes open, they will be instructed to look at a black

spot (with a diameter 2 cm diameter) placed on a white

wall in the front of them at a 2 m distance. For each

condition, two trials will be performed. The duration of

each trial will be 60 s followed by a rest period of 1 minute.

During thee condition with EO, the subject’s eyes will focus

on a stationary eye-level visual target (a black spot with

a 2 cm diameter) situated at a 2 m distance. For all data

collection of postural sway, we will use a Kistler force pla-

teform (model 9286BA) with subject weight normalization.

Data will be sampled at 100 Hz and recorded online. The

body sway will be quantified by displacement of the center

of foot pressure (COP) in the anterior-posterior (AP) and

in the medial-lateral direction (ML). For measuring all of

the COP parameters, raw data will be filtered using a

fourth-order Butterworth, zero-phase low-pass at 10 Hz.

The COP parameters will then be the mean and standard

deviation (SD) of COP position in AP and ML directions,

SD of velocity in AP and ML directions, mean velocity

and area (90% confidence ellipse) (see [44] for details of

formulas).

Statistical analysis

The sample size was calculated considering the number

of patients who are no longer in a state of protein energy

wasting after 6 months of exercise training compared to

the control group. For a significance level of 0.05 and

80% power, it was estimated that 22 participants would

be required in each group.

Results will be expressed as minimum to maximum

or percentage of change, as applicable, and mean ±

standard deviation. To test the effects of Group (Exer-

cise versus Control) on all outcome measures, univari-

ate two-way analyses of variance (ANOVAs), with the

Group (×2) as between-subjects factor and Time (t0, t+2,

t+4 and t+6) as the within subject factor, will be carried out

for each aforesaid dependent variable. For each analysis,

the level of significance was p < 0.05. Newman-Keuls

comparisons will be used for post-hoc tests following sig-

nificant effects. If the sphericity assumption in ANOVA is

violated (Mauchly’s test), corrected tests of significance

will be used [45,46]. In that case, the paired t-tests with

corrected alpha level will be used as post-hoc compari-

sons. All the statistical analyses will be conducted using a

SPSS software package.

Discussion
To our knowledge, this is the first trial investigating the

impact of intradialytic exercise combined with an indi-

vidualized nutritional support on protein energy wasting.

It is also the first trial to investigate the influence of ex-

ercise on postural balance, which is of special interest

for fundamental and clinical purposes (i.e., the important

issue of physical condition in dialysis patients). An im-

proved postural balance signifies a decreased incidence

of falls and fractures in this high-risk population [47].

The main forces of this trial will be the randomized de-

sign and the individualized management of “real life” pa-

tients suffering from PEW. It can be argued that the

nutritional support will not be the same in all patients as

some will have only nutritional counseling and others

ONC and a few IDPN. However, according to the litera-

ture the different nutrition methods have equivalent effi-

cacy and the prescription of the type of nutritional

support will follow actual guidelines. If this current clin-

ical trial can highlight the expected effects of exercise to

reverse PEW, at least for a part, it would be a strong ar-

gument for implementing an exercise program in this

high-risk population and even in the whole dialysis

population in order to prevent the occurrence of PEW.
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