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RT  to kinesthetic  perception  was temporally  related  to the  beta  activity  for both  YA  and  OA  groups.
Delayed  RT  and  ERD  in  OA  may  be  related  to impairment  in  afferent  pathways.
Active  inhibition  of  the  cortex  (ERS)  after motor  response  was  observed  only  for OA.
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a  b  s  t  r  a  c  t

The  aim  of this  work  was  to compare  cortical  beta oscillatory  activity  between  young  (YA) and  older
(OA)  adults  during  the assessment  of ankle  proprioception.  We  analyzed  the  response  time  (RT)  to  kines-
thetic  perception  and  beta event-related  desynchronization/synchronization  (ERD/ERS)  in response  to
passive ankle  movement  applied  at  a  slow  speed,  0.5◦/s.  The  relationship  between  ERD/ERS  and  RT was
investigated  by classifying  the  signals  into  fast-,  medium-,  and slow-RT.  The  results  showed  a  tempo-
ral  relationship  between  beta  oscillation  changes  and  RT for both  groups,  i.e.,  earlier  ERD and  ERS  were
obtained  for  trials  with  faster  response  time.  ERD  was  larger  and  delayed  in OA compared  to the  YA,
and  beta  ERS  was present  only  for OA. These  findings  suggest  that  a  less  efficient  proprioceptive  signal-
esponse time
roprioception
ging
lectroencephalography

ing  reaching  the  brain  of  OA  requires  a higher  level  of brain  processing  and  hence  the  differences  in  ERD
potentials  between  YA  and  OA.  Furthermore,  the  occurrence  of  ERS  in  OA  might  represent  a  compensatory
strategy  of  active  cortical  resetting  for adequate  sensorimotor  behavior  due  to  the  age-related  reduced
peripheral  input  and  neuromuscular  impairments.  Altered  balance  between  excitatory  and  inhibitory
intracortical  activity  in older  adults  presumably  explains  the  changes  in beta  oscillations.

© 2016  Elsevier  Ireland  Ltd.  All  rights  reserved.
ge-related deterioration in the musculoskeletal and neuronal
ystems, in addition to reduced levels of selective attention
nd working memory, can lead to a decline of sensorimotor
erformance in older adults. Consequently, neuronal compen-
atory mechanisms such as activation of additional cortical areas
1–3] and increased cortical beta activity [4] are suggested to

ccur in older adults in an attempt to effectively perform spe-
ific tasks. Extra-activation could be understood as a functional
eorganization and/or a redistribution of functional networks.
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Alternatively, reduced deactivation of cortical areas during motor
tasks might indicate impaired modulatory capacity, wherein
changes in inhibitory intracortical neural circuits could result in
loss of performance [5,6]. The interpretation of specific changes in
cortical oscillatory activity recorded at the scalp is not straight-
forward since the pattern of neuronal activity can be influenced by
several factors. Some of these factors include the cognitive demand
of the specific task, the movement characteristics, the age of the
subjects, the integrity of the neuromuscular structures and the
levels of excitation and inhibition between several interconnected
cortical areas.
The balance between excitatory and inhibitory cortical activ-
ity helps to define and to constrain the possible neural processing
and neural adaptations that may  occur in the nervous system [7,8].
For this reason, it is relevant to study to what degree unbalance
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Table  1
Mean (M)  and standard deviation (SD) values of age and anthropometric features
for  the young adult (YA) and older adult (OA) groups.

Age Body Weight (kg) Stature (m)

YA M 28.53 68.16 1.67
SD 3.03 11.97 0.08

OA  M 70.31 70.31 1.62
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SD 4.14 11.71 0.10

f cortical activities occurs in the aged brain. Such information
ight provide meanings of how to prevent or revert functional

ensorimotor deficits. A recent study from our laboratory com-
ined electroencephalography (EEG) and response time (RT) task
uring brisk passive ankle movement and showed that worsening
erformance (longer RT) in older adults was correlated to delayed
nd weaker proprioceptive stimulus arrival at the cortex [4]. As

 consequence, higher cognitive effort, suggested by larger event-
elated desynchronization (ERD) at beta band, was needed in order
o process the reduced and time-dispersed peripheral input in
ged individuals. Furthermore, post-movement beta synchroniza-
ion (ERS) was attenuated in older individuals, indicating an altered
ntracortical inhibitory activity [9].

Similarly important, but still little reported in the literature, is
he understanding of proprioceptive processing during slow move-

ents. During steady posture, the control of low frequencies of
ody sway is essential for balance and decreased sensorimotor per-
ormance at these lower frequencies is believed to increase falls
ncidence in older adults [10,11]. From a psychophysical perspec-
ive, increased threshold to perception of passive joint motion in
ower limbs is associated with reduced postural stability in older
dults [12,13]. On the other hand, neurophysiological approaches
ave shown that cortical processing can be modulated by the move-
ent velocity. For example, greater modulation of corticomotor

xcitability was shown during faster movements in comparison
o slower passive movements [14]. Furthermore, modulation of
ntracortical inhibition was also observed during different phases
f passive movement [14]. The velocity modulation on cortical
rocessing might be mediated via Ia afferents, due to the high sen-
itivity of muscle spindle Ia afferents to stretch velocity (type II
uscle spindle afferents are only responsive to slow frequency

tretches, such as those associated with unperturbed stance [15]).
onsidering the different afferent inflow between brisk and slow
ovements and the age-related changes at peripheral and cen-

ral levels of the nervous system, exploring different patterns of
ovement and the cortical processing could shed some light on the

rocessing of proprioceptive incoming signals to the aged brain.
In the present study we investigated the differences between

ortical potentials recorded from young and older adults during
he assessment of the threshold to perception of slow ankle pas-
ive motion. Analyses of ERD/ERS at the beta band (14–37 Hz) were
erformed and the results were also indirectly compared with our
revious study which used brisk passive movement. By using the
ame response time (RT) paradigm, but with slower movement
elocity, the cortical processing is expected to be different from
hat obtained for brisk passive movement.

Nineteen older adults (OA), aged between 65 and 76 years, and
9 young adults (YA) aged between 21 and 32 years, 10 females in
ach group, participated in this study. Participant’s age and anthro-
ometric characteristics are depicted in Table 1. All participants
eclared no osteomuscular and/or neurological diseases, not made
se of benzodiazepine or antidepressant drugs. OA also declared

hey had not suffered any falls in the last two years and had not
een enrolled in any regular physical activity program (for the last
hree years). The Mini Mental State Examination [16] was applied
Fig. 1. Schematic representation of the experimental setup.

to the OA participants to certify their good mental health, with all
participants scoring within normal limits (≥27).

This study was  conducted in accordance with the Declaration of
Helsinki and procedures were approved by the Institutional Ethics
Committee. In addition, all procedures were carried out with ade-
quate understanding and written consent from each participant.

During the kinesthetic perception assessment, participants
were seated with knees positioned at 90◦ and trunk at approxi-
mately 120◦ (Fig. 1). The right ankle was passively dorsiflexed at
0.5◦/s from a starting ankle angle set at 90◦ and then returned to the
basal angle with a similar speed, by means of a pedal in which the
foot was rested. Total movement lasted 10 s (5 s in each direction)
and was  registered using IREDs of an Optotrak System (Certus, NDI,
Inc.). The task consisted of pressing a button with the right thumb,
as fast as possible, whenever the ankle dorsiflexion movement was
perceived. The RT was calculated based on the signal generated by
the button pressing. The procedures were based on a previous study
of proprioception assessment in older adults [12].

Passive movement was  performed at random intervals, start-
ing between 3 and 9 s after a verbal preparatory signal, which
was provided soon after the pedal had returned to the ini-
tial position. The pedal movement was produced by a system
consisting of a servo-motor (AC Brushless Servo-Motor, Model
SWA-40—1.6–30), a reducer (Dynabox Medium—France) and servo
electronics (Weg—Brazil). The analog signal to command the
servo-controller was generated via Labview software (National
Instruments, USA).

Five 3-min trials were performed with 2-min rest in between,
totaling approximately 56 movements. Five Ag/AgCl surface elec-
trodes were mounted around electrode position Cz (FCz, Cz, CPz,
C1 and C2), defined by the international 10-20 and 10-10 sys-
tems [17,18], with the reference at linked earlobes and the ground

electrode at forehead. An additional pair of electrodes was  used
to record the electrooculogram (EOG) activity for further exclu-
sion of epochs with blink artifact. The impedance of the EEG and
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Table  2
Mean (M)  and standard deviation (SD) of the response time values (in ms)  obtained
for the young adult (YA) and older adult (OA) groups.

Mean RT Fast-RT Medium-RT Slow-RT

YA M 1237.97 721.73 1204.73 1972.35
SD 449.74 305.04 455.27 584.71
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Fig. 2. Grand average ERD/ERS time courses for fast-, medium- and slow-response
time (RT) groups for young (YA) and older (OA) adults. Thicker vertical lines indicate
OA  M 2149.67 1303.20 2124.34 2987.16
SD 275.16 274.70 289.40 402.98

OG electrodes was kept below 5 k�. EEG signals were amplified
nd band-pass filtered (0.05–100 Hz) using a MEB  4200 system
Nihon-Koden, Japan), acquired at a sampling frequency of 1 kHz
nd monitored continuously through the Optotrak data acquisition
ystem.

Data processing was  performed offline through custom-written
outines in Matlab (Math Work Inc., USA). The EEG recording epoch
as triggered by the ankle movement onset, with a total length of

 s (2 s preceding movement onset and 6 s after movement onset).
rthogonal source derivation was calculated to obtain reference-

ree data [19]. Contaminated trials were rejected when EEG or EOG
ecords exceeded ±100 �V. For each subject, grand averages were
btained from at least 15 valid epochs for each response time cat-
gory. For the beta ERD/ERS analysis, the EEG data were band-pass
ltered (14–37 Hz) with a digital Butterworth filter (zero phase
hift). The ERD/ERS was expressed as a proportional power decrease
ERD) or power increase (ERS) in relation to the power computed at

 reference interval (between 1.5 and 0.5 s before movement onset).
iven the variability of response times within subjects, instead of
alculating the grand average signals for each subject [4], individ-
al signals were separated into three categories, according to the
esponse time (fast-, medium- and slow-RT). The classification of
omatosensory ERPs according to response time variation was pro-
osed previously by Kida et al. [20] during the oddball paradigm
ith an electrical stimulation of the wrist. In this study, RT was

lassified as fast and slow according to the median value of individ-
al RTs. With this classification, the authors showed a correlation
etween the speed of stimulus evaluation (P300 latency) and RT.
n the present study, we divided the RT into 3 ranges because
he response variability was considerably higher in comparison
o that from sharp stimulation such as electrical stimulation and
risk passive movement [4,20]. The criterion for the classification
s medium-RT was the RT to be within the mean value ±½ standard
eviation of the RT obtained for each participant. Fast and slow-RTs
omprised the values that were below and above the medium-RT
ange values, respectively.

For the behavioral data, a one-way ANOVA was  applied to com-
are the general mean RT between groups. Additionally, a one-way
NOVA was computed for comparison of RT between genders. The
omparison of beta activity between groups was made by means
f descriptive analysis of the three time courses obtained for each
roup.

The results showed that the general mean RT was significantly
elayed (by approximately 911 ms)  for older adults compared to
oung adults [F(1,36) = 56.81, p < 0.0001]. The mean RT and the
hree mean RTs obtained for the fast-, medium- and slow-RT groups
rom the young and older adults groups are presented in Table 2.
o sex-related difference was obtained for RT [F(1.36) = 0.003,

 = 0.960].
ERD/ERS grand averages classified into the three different cat-

gories are depicted in Fig. 2. Clear age-related differences are
bserved, such as delayed and higher ERD and the presence of

eta ERS, following ERD, for the older group. It is also noteworthy
hat beta changes are temporally related to the response time (ERD
ccurred earlier for trials with shorter RT) for both age groups. In
ddition, the duration of ERD is also related to RT, lasting longer for
the respective RT means. Ankle dorsiflexion onset is represented by the thin vertical
line at time equal to 0.

groups with longer RT. For YA, ERD peaks occurred at 0.53 s, 1.10 s
and 1.55 s, with amplitudes of 26.71 �V, 17.18 �V and 24.64 �V
for fast-, medium- and slow-RT, respectively. For OA, ERD peaks
occurred at 1.11 s, 1.66 s and 2.84 s, with amplitudes of 30.91 �V,
37.94 �V and 33.60 �V for fast-, medium- and slow-RT, respec-
tively.

The results of the present study showed that during the assess-
ment of the perception threshold to slow passive ankle movement,
older adults exhibited delayed and larger beta suppression (ERD),
as compared to the young group. These findings are consistent
with our previous results with brisk passive movement [4] and are
believed to be associated with age-related deterioration of periph-
eral and central structures, leading to impairments in the speed of
sensorimotor information processing. However, the ERD compo-
nent was different between brisk and slow passive movements, its
amplitude being at least twice as big for the brisk movement. Con-
sidering that a larger ERD is interpreted as associated with higher
cognitive effort [4], one could expect a higher ERD for slow move-
ments as compared with faster movements, since more attention
would be demanded when the sensory information is weaker. On
the other hand, decreased ERD levels during slow ankle rotation
are probably due to the lower rate of muscle stretch in compari-
son to faster movements, which has been reported to result also in
less modulation of corticomotor excitability [14]. Both effects may
arise from the weaker and less synchronous peripheral receptor fir-
ings associated with slower ankle movement. It has been proposed
that intracortical inhibitory circuitry is influenced by afferent sig-
naling. For example, reduced intracortical inhibition was shown to
be reduced during functional deafferentation [21] and increased
during passive muscular stretching [14,22]. The underlying mech-
anisms are elusive, but a role for muscle spindle signaling has
been postulated since inhibition of motor-evoked potential (by
TMS) was modulated by the velocity of muscle stretching [14].
Whether the suppression of beta oscillation during passive move-
ment reflects intracortical inhibition is still an open question, and

future investigation on this respect could provide evidences on the
neural mechanisms related to cortical processing of proprioceptive
information.
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Impaired somatosensory signaling and processing is a well
nown fact in aged individuals. However, beta ERD induced by
low passive movement was larger in the older group in com-
arison to young adults. This finding suggests that the magnitude
f beta ERD can be influenced by but not strictly determined by
fferent signaling. In this case, a compensatory neural mechanism
or the age-related impaired somatosensory system might reflect
he higher beta ERD observed in older adults. During sensorimo-
or tasks, beta oscillations have been related to the maintenance
f information between sensory outputs and motor actions [23]. In
ged individuals, increased beta ERD is indicative of reduced intra-
ortical inhibitory function. Cheng et al. recently showed reduced
ntracortical inhibitory effects in somatosensory areas in older
dults, by using paired-pulse electrical stimulation to the median
erve [24]. This inhibition deficit was correlated with changes in
he alpha band power, but not with beta ERD. Whereas the effects
f aging on the relationship between proprioceptive input during
assive movement and cortical inhibition are still unclear, a general
educed inhibition is hypothesized [24–26]. Reduced intracortical
nhibition was also correlated to diminished tactile performance
n aged subjects [25]. Moreover, suppression of beta power dur-
ng somatosensory stimulation was associated with an increased
ttentional focus to the stimulation [27,28]. Therefore, age-related
ncreased ERD during slow passive movement might represent a
ompensatory cognitive process to the reduced sensory signaling
nd to the reduced cortical inhibition. On the other hand, since a
eduction of cortical inhibition in order to compensate for atten-
ional deficit in older adults is also a possibility, causality cannot be
ostulated from our results.

An intriguing result from the current study was  the absence of
RS in young adults since ERS has been typically observed during
assive movements [4,29,30]. During brisk passive ankle move-
ent, ERS amplitude in young adults was even more than twice as

arge as the one observed in older adults (130% vs. 57%) [4]. By com-
ining EEG/MEG with transcranial magnetic stimulation (TMS),

mages and pharmacological procedures, increased poststimulus
ower in a given frequency band (ERS) is postulated to underlie
ortical inhibitory activity [30–32] related to somatosensory pro-
esses. Its functional meaning can be attributed to a conceivable
ctive resetting of the network to its resting state after being acti-
ated by the stimulus, a process that has been shown to be altered
n older adults [4,33]. The presence of ERS in older participants,
s observed in the present study, may  represent a preparation
trategy to ensure adequate cortical condition for perception and
otor response. Indeed, neuronal adaptation to reduced peripheral

nput and to muscular-skeletal impairments in aged individuals is
elieved to occur as a strategy for the maintenance of adequate
ensorimotor behavior [1,3,4]. Compared to the strong ERS gen-
rated by young adults for brisk pedal rotations [4], the absence
f ERS in young adults after slow passive ankle movement could
epresent a passive resetting of cortical activity due to the lack
f urgency for preparation to the following movement. Differ-
ntly from our previous study [4], a long time (approximately 7 s)
lapsed between button pressing and warning signal for the sub-
equent movement, meaning that an active de-activation might be
nnecessary for young adults. During brisk movement, in which
ctive cortical resetting seems to be critical for motor performance,
educed inhibitory capacity (lower ERS) in older adults [4] confirms
he general inhibition deficit hypothesis previously mentioned for
RD results.

A novel finding from our current results was  the relation
etween behavioral timing and beta oscillations observed for both

ithin and between the age groups. Separate analyses of EEG sig-
als, according to the individual RTs, showed earlier ERD for trials
ith faster response time in both age groups. Positive correla-

ion between somatosensory evoked-potential latency and RT was
e Letters 622 (2016) 1–5

previously associated to the level of attentional resources, wherein
increased speed of stimulus evaluation would lead to shorten-
ing of the response time [4,20]. During brisk passive movement,
the small response time variability was temporally correlated to
cortical potentials only for the older adults [4], meaning the EEG
analysis performed was  not sensitive enough to explain the tem-
poral variability of response time in the absence of age-related
impairments. Alternatively, in the present study, response time
variability within subjects was  high, even for young adults. The clas-
sification of ERD/ERS curves by response time categories showed
that the response time varies in accordance with the duration of
stimulus processing, regardless of the subjects’ age. Thus, we sug-
gest that recruitment of additional cognitive reserve is a strategy
adopted by both young and older adults in order to shorten the
response time. In this sense, despite the possible similar attentional
strategies employed by both age groups, the mechanisms behind
the selective attention might be altered due to aging and proba-
bly related to altered excitatory-inhibitory cortical balance in older
adults. In fact, our results showed that when both groups showed
similar response times (i.e. fast-RT for OA and medium-RT for YA),
different ERD/ERS responses were obtained (e.g. larger ERD and
ERS for OA). This observation reinforces the possibility of the gen-
esis of neural compensatory mechanisms in the older subjects so
that an adequate sensorimotor behavior could still be generated.
These changes may  also have an impact in more realistic situations
in which switching attention (e.g., dual-task conditions) can lead
to serious consequences to postural control, increasing the risk of
falls in older adults.

In conclusion, larger ERD and active post-movement ERS
observed in older individuals are believed to represent compen-
satory mechanisms due to impaired somatosensation and selective
attention. The classification of cortical responses in response time
categories provided evidence of a relationship between speed of
stimulus evaluation and temporal motor response during slow
passive ankle movement. In this sense, recruitment of attentional
resources seems to be crucial to shorten the response time. Altered
balance between excitatory and inhibitory intracortical activity in
older adults presumably explains the changes in beta oscillations
which, therefore, may  be an important indicator of plasticity and
performance.
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