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Age-related influence of vision and proprioception on Ia
presynaptic inhibition in soleus muscle during
upright stance
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Key points

• The observed decrease in balance with ageing, vision suppression and compliance of the support
surface may involve differential modulation of Ia afferent feedback from leg muscles.

• The modulation of Ia presynaptic inhibition for the soleus muscle was assessed in young and
elderly adults when standing in normal and modified visual (eyes closed) and proprioceptive
conditions (foam support).

• The results suggest that presynaptic inhibition of Ia afferents increased when vision was
suppressed and when standing on a foam mat, but more so in elderly adults, for whom
the increase in Ia presynaptic inhibition was associated with greater activity of the leg muscles.

• Young and elderly adults appear to rely less on segmental muscle afferent feedback to control
the activation of leg muscles during upright stance when vision and proprioception are altered.

Abstract This study investigated the modulation of Ia afferent input in young and elderly adults
during quiet upright stance in normal and modified visual and proprioceptive conditions. The
surface EMG of leg muscles, recruitment curve of the soleus (SOL) Hoffmann (H) reflex and
presynaptic inhibition of Ia afferents from SOL, assessed with the D1 inhibition and single motor
unit methods, were recorded when young and elderly adults stood with eyes open or closed on two
surfaces (rigid vs. foam) placed over a force platform. The results showed that elderly adults had a
longer path length for the centre of pressure and larger antero-posterior body sway across balance
conditions (P < 0.05). Muscle EMG activities were greater in elderly compared with young adults
(P < 0.05), whereas the Hmax expressed as a percentage of the Hmax was lower (P = 0.048) in
elderly (38 ± 16%) than young adults (58 ± 16%). The conditioned H reflex/test H reflex ratio
(D1 inhibition method) increased with eye closure and when standing on foam (P < 0.05), with
greater increases for elderly adults (P = 0.019). These changes were accompanied by a reduced
peak motor unit discharge probability when standing on rigid and foam surfaces (P ≤ 0.001),
with a greater effect for elderly adults (P = 0.026). Based on these latter results, the increased
conditioned H reflex/test H reflex ratio in similar sensory conditions is likely to reflect occlusion
at the level of presynaptic inhibitory interneurones. Together, these findings indicate that elderly
adults exhibit greater modulation of Ia presynaptic inhibition than young adults with variation
in the sensory conditions during upright standing.
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Introduction

Upright standing in humans involves the integration of
information from vestibular, visual and proprioceptive
systems that are modulated depending on the context
(Fitzpatrick et al. 1994b; Peterka, 2002). Standing on
a foam mat, for example, changes proprioceptive feed-
back and increases excursions of the centre of pressure
(CoP; Earles et al. 2000; Patel et al. 2008). Maintaining
upright stance is even more difficult when standing on a
soft surface with eyes closed (Earles et al. 2000), which
is accompanied by a reduction in the amplitude of the
Hoffmann (H) reflex (Earles et al. 2000), indicating a
decreased responsiveness of the spinal Ia afferent pathway
(Schieppati, 1987). Modulation of the group Ia afferent
pathway during upright stance has been attributed to a pre-
synaptic mechanism (Katz et al. 1988) involving primary
afferent depolarization (PAD) interneurones (Rudomin &
Schmidt, 1999). The PAD interneurones can depolarize
the intraspinal terminals of the Ia afferents, thereby
reducing the amplitude of incoming action potentials
and depressing the release of neurotransmitter (Lamotte
D’Incamps et al. 1998; Rudomin & Schmidt, 1999). Such
modulation of segmental Ia afferent input onto motor
neurones has been hypothesized to reduce the risk of
unexpected reflex activity that might compromise balance
(Diener et al. 1983). Such a strategy should, therefore, be
more evident when visual and proprioceptive information
are altered.

Ageing is accompanied by a change in the modulation
of the Ia afferent pathway during steady contractions
of leg muscles (Earles et al. 2001; Kido et al. 2004;
Klass et al. 2011) and upright standing (Earles et al.
2000). Observations indicate that elderly adults exhibit
greater Ia presynaptic inhibition than young adults at rest
(Morita et al. 1995; Kido et al. 2004), but modulate it
less during isometric contractions (Earles et al. 2001) and
when going from seated to standing posture, as assessed
by one method consisting of conditioning the H reflex
(Koceja & Mynark, 2000). Although such differences
might result from age-related alterations in the Ia afferent
pathway (Nardone et al. 1995), methodological limitations
associated with the H-reflex method suggest caution with
this conclusion. Variation in the recruitment gain of
the reflex (Kernell & Hultborn, 1990), for example, can
modulate the size of the H reflex independently of a change
in Ia presynaptic inhibition. The preferred approach is to
compare results obtained with the conditioned H-reflex
method with those for single motor units (Hultborn et al.
1987).

The aim of this study was to investigate the modulation
of Ia presynaptic inhibition in young and elderly adults
when standing with normal and modified visual (eyes
open vs. eyes closed) and proprioceptive conditions (rigid
surface vs. foam surface). Based on the presumed role

of Ia presynaptic inhibition in balance control (Diener
et al. 1983) and the possible changes that occur with
ageing (Koceja & Mynark, 2000), we hypothesized that
Ia presynaptic inhibition would increase during upright
standing when vision was suppressed or the surface was
more compliant, but less so for elderly than young adults.
Alternatively, we expected the elderly adults to rely more
on modulating the co-contraction of leg muscles to stiffen
the muscle–tendon unit (Benjuya et al. 2004; Baudry
et al. 2012) in order to maintain upright stance across
conditions.

Methods

Subjects

Nine young adults (23–36 years old; five women;
height, 175.0 ± 8.7 cm; mass, 73.6 ± 12.1 kg) and nine
elderly adults (68–83 years old; five women; height,
163.5 ± 7.7 cm; mass, 67.0 ± 13.9 kg) volunteered to
participate in the study after written informed consent
was obtained. None of the subjects reported any neuro-
logical disorder. All participants (n = 18) reported to the
laboratory for at least one session (H-reflex session),
and six participants from each group reported to the
laboratory for additional sessions during which motor
unit recordings were obtained. The multiple sessions for
each participant were separated by at least 48 h. Subjects
were asked to refrain from intense exercise for 24 h before
testing. Approval for the project was obtained from the
Ethics Committee of the ‘Centre Hospitalier Universitaire
Brugmann’. All procedures used in this study conformed
to the Declaration of Helsinki.

Experimental set-up

Subjects were asked to maintain a quiet upright stance
on a force platform (OR6-6-2000; Advanced Mechanical
Technology, Watertown, MA USA) that was surrounded by
a wood frame covered by a soft mat. Subjects self-selected
an initial foot position that was kept constant throughout
the experiment by tracing foot position on the two surfaces
used in the experiments. Subjects stood with their arms
at their sides. A target for the eyes-open condition was
indicated on a board positioned at eye level 1.5 m in front
of the subject.

Subjects stood upright on a rigid support placed over
the force platform with their eyes either open (rigid
eyes open condition; REO) or closed (rigid eyes closed
condition; REC), and on a wooden surface or foam
mat [Balance-pad Airex (50 cm × 41 cm × 6 cm), Sins,
Switzerland] placed over the force platform with their
eyes either open (foam eyes open condition; FEO) or
closed (foam eyes closed condition; FEC). The order of the
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conditions was counterbalanced across subjects, who were
allowed to rest as long as necessary during the experiment
to avoid fatigue. The rigid surface placed over the force
platform was used to provide similar upward shift in the
subject centre of mass compared with the foam mat and its
deformation due to the subject’s weight. The calculation
of the CoP location was corrected to accommodate the
influence of the surface (wood or foam) thickness relative
to the co-ordinate frame for the horizontal forces. The
equation used to calculate the CoP displacement in the
antero-posterior direction, for example, was as follows:
CoP = Mx – [Fy × (Z0 + surface thickness)]/Fz, with Mx
the moment on the x (frontal) axis, Fy the force on the
y (sagittal) axis, Fz the force on the z (vertical) axis, and
Z0 being the distance of the true origin of the X ,Y ,Z axes
and the upper surface of the platform. The force platform
signals were sampled at 50 Hz and stored on a computer
for subsequent analysis (Power1401, 16-bit resolution;
Cambridge Electronic Design, Cambridge, UK). The CoP
displacement was monitored during the experiment so
that the electrical stimulation of the nerve was applied
when the subject was standing quietly; the subject was
instructed to refrain from performing any head and limb
movements.

Electromyographic recordings

The EMG signals were recorded from soleus (SOL), gastro-
cnemius medialis (GM), gastrocnemius lateralis (GL)
and tibialis anterior (TA) muscles with surface electrodes
(silver–silver chloride electrodes, 8 mm diameter) placed
in a bipolar configuration with an interelectrode distance
of 20 mm. The skin was shaved when necessary and
cleaned with a solution of alcohol, ether and acetone
to reduce the impedance at the skin–electrode inter-
face. The electrodes were filled with gel and fastened
longitudinally over each muscle belly with adhesive tape.
The reference electrodes were placed on the skin over
the tibia. The EMG signals were amplified (×1000) and
bandpass filtered (10–1000 Hz) prior to A/D sampling at
2 kHz (Power1401, 16-bit resolution; Cambridge Electro-
nic Design) and storage on a computer.

Single motor unit recordings

Single motor unit potentials were recorded from SOL
using stainless-steel wires (50 μM diameter) (California
Fine Wire, Grover Beach, CA, USA) that were insulated
with Formvar (California Fine Wire, Grover Beach, CA,
USA). The insulation was absent only from the recording
tip of each wire, and two or three wires were included
in each electrode. The wires were inserted into the
muscle belly using a 27-gauge hypodermic needle that
was removed after the wires were in place. A reference
electrode was placed on the skin over the tibia. The single

motor unit recordings were amplified (×1000) and band-
pass filtered between 10 Hz and 5 kHz. The motor unit
signal was sampled at 10 kHz with a Power1401 interface
(16-bit resolution; Cambridge Electronic Design), stored
on a computer, and the single motor unit potentials were
later identified offline using Spike2 software (Cambridge
Electronic Design).

Electrical stimulation

Electrical stimuli elicited test H reflexes and provided
conditioning stimuli that either produced D1 inhibition
(Mizuno et al. 1971; Faist et al. 1996) or conditioned
motor unit discharges (Katz et al. 1988). The stimuli (1 ms
duration) were delivered via a constant-current stimulator
(DS7A; Digitimer, Hertfordshire UK) that was connected
to surface electrodes (silver–silver chloride electrodes,
8 mm diameter) placed in a monopolar configuration and
fastened to the skin with adhesive tape. The posterior tibial
nerve (H reflex, motor unit conditioning) was stimulated
through a cathode placed in the popliteal fossa and an
anode located immediately above the patella (Schieppati,
1987). The common peroneal nerve (D1 inhibition) was
stimulated by placing the cathode close to the head of the
fibula and the anode near the medial part of the tibial
head. The location of the cathode was chosen to maximize
and minimize the activation of the tibialis anterior and
peroneal muscles, respectively. Stimulation locations were
determined during upright standing.

The motor threshold (MT) for stimulating the common
peroneal nerve (D1 inhibition) was determined by
checking for evoked responses in the form of an M wave in
the TA during quiet upright stance. The MT was defined
as the lowest intensity of stimulation that evoked at least
three M waves in the TA in response to five stimuli.

H–M recruitment curve and D1 inhibition

H–M recruitment curve. The stimulus intensity was
increased in 0.5 mA steps, and five stimuli were delivered
with an interstimulus interval varying randomly between
5 and 6 s to avoid the homonymous postactivation
depression that is known to occur in humans (Burke et al.
1989; Stein et al. 2007). The EMG activity in response
to each stimulus within the train was monitored on an
oscilloscope, and a recruitment curve was constructed
online with the Spike2 software (Cambridge Electronic
Design) in each balance condition. The initial intensity
was set below H-reflex threshold and gradually increased
until the M wave reached its maximal value (Mmax).

D1 inhibition. The intensity of the stimulus needed to
evoke the test H reflex was adjusted to evoke an H reflex
that was located on the ascending phase of the recruitment
curve, with a small M wave prior to the H reflex. When
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necessary, the stimulus intensity was adjusted across
balance conditions to keep the size of the normalized
(Mmax) test H reflex (while keeping the above criteria)
relatively constant. When the stimulus was adjusted,
additional stimuli were delivered to ensure that the
H reflex was still in the ascending phase of its recruitment
curve. The test H reflex was conditioned by a stimulus
applied to the common peroneal nerve to activate PAD
interneurones responsible for presynaptic inhibition of the
Ia afferents from the SOL (Mizuno et al. 1971; Hultborn
et al. 1987; Katz et al. 1988; Perez et al. 2005). The delay
between common peroneal (conditioning stimulus) and
tibial nerve stimuli (test stimulus; range from 15 to 20 ms;
young, 18.9 ± 2.2 ms; elderly, 19.2 ± 1.7 ms) was set to
produce the greatest depression of H-reflex size for each
participant when standing on the rigid surface with eyes
open. The intensity of the conditioning stimulus applied to
the common peroneal nerve was set at 1.3 × MT (Mizuno
et al. 1971; El-Tohamy & Sedgwick, 1983; Faist et al.
1996) as determined at the beginning of each balance
condition. Although a stimulus of 1.3 × MT applied to
the deep peroneal nerve may have activated Ia afferents
in the superficial branch of the peroneal nerve, it is
unlikely that the stimulus influenced the results, because
the D1 inhibition method does not require the stimulation
of group Ia afferents from a strict antagonist muscle
(Pierrot-Deseilligny & Burke, 2005). A total of 42 test
H reflexes and 42 conditioned H reflexes were randomly
evoked in each balance condition with a delay of 5–6 s
between the test and conditioned H reflexes.

The reason for keeping the test H reflex at a constant
size was to ensure a similar sensitivity to excitatory
and inhibitory inputs in the different balance conditions
(Crone et al. 1990). Adjustments in stimulus intensity,
however, meant that different Ia afferents might contribute
to the compound H reflex across conditions. To address
this concern, changes in D1 inhibition were assessed in
pilot experiments (two young and two elderly adults)
by adjusting the test stimulation to keep the small pre-
ceding M wave constant; such a procedure was assumed to
ensure a constant stimulus intensity (Pierrot-Deseilligny
& Mazevet, 2000). The comparison of the two procedures
(adjusted H reflex and adjusted M wave), therefore,
provided information on the influence of adjusting the
stimulation intensity on D1 inhibition. The findings for
changes in D1 inhibition across conditions were similar
for the two stimulation procedures. For example, the D1
inhibition was 86.0% for REO when stimulation intensity
was adjusted to keep the test H reflex constant, and 86.3%
when stimulation intensity was adjusted to keep the small
M wave constant. Regardless of the method, however,
obtaining a small M wave prior to the H reflex required
a stimulus that produced an H reflex of ∼85% Hmax,
which may have reduced its sensitivity to excitatory and
inhibitory inputs.

Single motor unit method

Given that a change in the input–output relation of
the motor neurone pool (Kernell & Hultborn, 1990)
can induce a change in the conditioned H reflex
without involving Ia presynaptic inhibition, additional
experiments were performed to obtain data from an
independent assessment of Ia presynaptic inhibition.

This method is based on the stimulation of homo-
nymous Ia afferents from SOL that evokes a peak in
the motor unit discharge probability measured with a
post-stimulus time histogram (PSTH). The approach
assesses the background Ia presynaptic inhibition and
controls for a change in the input–output relation of
the motor neurone pool (Pierrot-Deseilligny & Burke,
2005). As only the first 0.6 ms of the peak unequivocally
represents the monosynaptic component of the increased
probability of discharge, changes in homonymous Ia
afferent input onto motor neurones must be limited to this
part of the measurement to assess Ia presynaptic inhibition
(Hultborn et al. 1987).

The method involved isolating a single motor unit in
SOL that could be discriminated online by means of a
custom-made dual window discriminator and used to
trigger electrical pulses over the tibial nerve or control
pulses (no electrical stimulation of the tibial nerve)
randomly with an interval of ≥1 s (interstimulus delay
varying randomly between 1 and 2 s). The stimulation
was delivered ∼120 ms after the selected motor unit
discharged an action potential. The stimulus intensity was
less than that necessary to evoke either a motor unit action
potential or an H reflex. An average of 168 ± 65 pulses
(range, 98–315 pulses) was recorded for the trigger and
control pulses in each balance condition. Control pulses
(no stimulation) were used to define the baseline for the
post-stimulus time histogram (0.5 ms bins). The onset
and the duration of the responses were given by the rise
and decrease in the cumulative sum at a latency consistent
with the H reflex. The amplitude of the peak in the PSTH
was assessed in terms of motor unit discharge probability
(discharge/impulse) after subtracting the control PSTH
from the stimulation PSTH. To minimize variability in
stimulation conditions across balance conditions, open-
and closed-eyes conditions on the same surface were
recorded during the same sequence as often as possible,
and PSTHs were constructed from epochs during which
motor unit discharge rate was within 1 pulse per second
of the mean value.

Owing to differences in stimulus intensity, the
D1 inhibition and the single motor unit methods
probably did not sample exactly the same motor unit
population. Although the H reflex involves low-threshold
units, the single motor unit method presumably
activated the lowest-threshold units in the pool. This
difference in motor unit activity may have induced
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small differences in the results obtained with the two
methods.

Data analysis

Subjects performed three 60 s trials for each balance
condition, during which no stimulation was delivered,
and a 20 s epoch was identified in each trial when the
force platform measurements were least variable. The CoP
displacement was computed offline with Octave software
(GNU General Public License). After the force platform
signals were low-pass filtered (cut-off frequency, 10 Hz)
with a Butterworth fourth-order filter, the following
parameters were computed: A-PSD, the antero-posterior
fluctuations of CoP; A-Pmax, the maximal antero-posterior
displacement of the CoP; and CoP path length, the distance
by which the CoP was displaced during the trial. The mean
of the three trials was determined for each subject and set
of conditions.

The rectified and averaged EMG (aEMG) during the
four balance conditions was measured over a 100 ms epoch
that preceded tibial nerve stimulation (H–M recruitment
curve and test H reflex) or the peroneal nerve stimulation
(D1 inhibition). An epoch of 100 ms was selected to
obtain aEMG values that represented the muscle activation
at the time of stimulation. A co-contraction ratio was
calculated to express the aEMG amplitude for TA relative
to the aEMG for SOL. The aEMG recorded for five
young and five elderly adults during the balance tasks
was normalized to the aEMG recorded during 5 s iso-
metric maximal voluntary contractions (MVCs) of the
ankle plantarflexor and dorsiflexor muscles performed
prior to balance tasks in a seated posture with the knee
extended and the ankle flexed at 90 deg. The normalization
procedure of the EMG data was used for only five subjects
in each group to verify that the greater raw EMG observed
in elderly adults corresponded to a higher normalized
EMG compared with young adults. To ensure that sub-
jects produced maximal force, they first practised two or
three MVCs before performing two MVCs with at least
90 s of recovery between contractions. Subjects received
strong verbal encouragement during each trial to exert
their maximal force. The respective MVCs in plantar- and
dorsiflexion directions with the highest EMG value were
chosen for the normalization procedure.

The H reflexes and M waves were characterized from
interference EMG traces by the peak-to-peak amplitude.
The amplitude of the test and conditioned H reflexes was
expressed relative to the amplitude of the Mmax evoked
in the same balance condition to control for changes
in muscle geometry relative to the electrode location.
Changes in D1 inhibition were quantified by the ratio
of the conditioned H reflex relative to the test H reflex.
Moreover, the H reflexes (H–M recruitment curve) and

D1 inhibition responses were analysed relative to the
direction of the sway (forward or backward sway) as
defined by the slope of the CoP displacement at the
time of the stimulation. Test H reflexes and conditioned
H reflexes for which the amplitude of the preceding small
M wave differed by more than 1% of the Mmax within a
balance condition were discarded from analysis to meet
the criterion of a constant stimulus (Pierrot-Deseilligny &
Mazevet, 2000). The size of the preceding small M wave
was 9.0 ± 5.7 and 12.7 ± 7.8% Mmax for young and elderly
adults, respectively. On average, 18 test and 18 conditioned
H reflexes for each young subject, and 14 test and 18
conditioned H reflexes for each elderly adult were used
in each balance condition and sway direction.

The change in motor unit discharge probability across
conditions was analysed for the entire peak of the PSTH,
as well as the first 0.5 ms of the peak to evaluate the mono-
synaptic projection of Ia afferents onto motor neurones
(Hultborn et al. 1987).

Statistics

Prior to comparing each dependent variable, the normality
of the data was assessed with the Kolmogorov–Smirnov
test. A general linear model has been used for statistical
analysis. The influence of age, vision (eyes open
vs. eyes closed), surface (rigid vs. foam) and sway
direction (backward vs. forward) on the Hmax/Mmax

ratio, conditioned H reflex/test H reflex (D1 inhibition)
and aEMG were analysed by means of four-way
(age × vision × surface × sway) ANOVAs with repeated
measures for vision, surface and sway. The influence
of age, vision and surface on A-Pmax, A-PSD and
CoP path length was analysed by means of three-way
(age × vision × surface) ANOVAs with repeated measures
for vision and surface. As the three- and four-level inter-
actions in ANOVAs were not statistically significant, these
results are not reported, and the focus was on the relevant
main effects and interactions.

As the motor unit discharge rate differed between rigid
and foam surfaces and the number of motor units recorded
in these two conditions differed (see Results), the peak
discharge probability during the eyes open and eyes closed
tasks on the same surface was compared by two-way
(age × vision) ANOVAs with repeated measures for vision.
The change in peak discharge probability evoked by homo-
nymous monosynaptic Ia excitation when eyes were closed
(expressed relative to the vision condition) was compared
between young and elderly adults by Student’s unpaired
t test.

When a significant main effect was found with an
ANOVA, Tukey’s post hoc test was used to identify
the significant differences among selected means. The
coefficient of determination (r2) extracted from Pearson
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Table 1. Normalized EMG activity during upright stance

Subject SOL GM GL TA
group (% MVC) (% MVC) (% MVC) (% MVC)

Young (n = 5) 11.8 ± 6.8 10.3 ± 6.2 10.4 ± 5.4 3.1 ± 1.9
Elderly (n = 5) 24.9 ± 4.2∗ 25.8 ± 9.8∗ 18.6 ± 8.3 8.6 ± 4.5∗

The rectified and averaged EMG (aEMG) normalized to maximal
aEMG measured during isometric maximal voluntary contractions
(MVCs) of the plantarflexor and dorsiflexor muscles for the
soleus (SOL), gastrocnemii medialis (GM) and lateralis (GL) and
tibialis anterior (TA) muscles. Data are means ± SD. ∗Significant
differences between age groups, P < 0.05.

product–moment correlations was calculated for several
associations, including aEMG, CoP and D1 inhibition,
after natural logarithmic (ln) transformation of the data
in order to improve the regression analysis. The level
of statistical significance was set at P < 0.05 for all
comparisons. Values are expressed as the means ± SD
in the text and Table 1 and as the means ± SEM in the
figures.

Results

Balance parameters

The CoP path length varied with vision and support
conditions for both groups of subjects (vision × surface,
F(1,16) = 18.6, P < 0.001). The average CoP path length
during the 20 s epoch did not differ when standing on a
rigid surface with eyes open or closed (Tukey’s post hoc
test, P = 0.629), whereas it increased when standing on
a foam mat (44 ± 12 cm) compared with standing on a
rigid surface (16 ± 4 cm; Tukey’s post hoc test, P < 0.001).
Moreover, CoP path length was almost twice as long when
standing on a foam mat with eyes closed (81 ± 23 cm)
than with eyes open (44 ± 13 cm; Tukey’s post hoc test,
P < 0.001). Regardless of the balance conditions, elderly
adults had longer CoP path lengths than young adults (age
main effect, F(1,16) = 15.7, P = 0.001). Similar results
were obtained for the maximal amplitude of the CoP in
the antero-posterior direction, as the A-Pmax was greater
in elderly adults regardless of the balance conditions (age
main effect, F(1,16) = 31.6, P < 0.001) and depended on
the vision and support conditions for both age groups
(vision × surface, F(1,16) = 32.6, P < 0.001; Fig. 1). The
fluctuations in the displacement of the CoP (A-PSD),
as denoted by the standard deviation of the position,
increased when standing on the foam mat compared with
the rigid surface, and were also greater for the elderly
adults (0.7 ± 0.4 cm) than the young adults (0.5 ± 0.4 cm;
age × vision × surface, F(1,16) = 8.2, P < 0.012).

Electromyography

The aEMG for the four muscles (SOL, GM, GL and TA)
was greater for elderly than young adults regardless of
the balance condition (age main effect, F(1,16) between
5.4 and 9.4, P values < 0.05; Fig. 2). The aEMG for SOL,
GM and GL was greater during forward sway (sway main
effect, F(1,16) between 6.1 and 25.9, P values < 0.025),
whereas aEMG for TA was greater during backward sway
(sway main effect, F(1,16) = 12.8, P = 0.003). However,
all muscles exhibited greater aEMG when standing on
the foam mat (surface main effect, F(1,16) between
8.8 and 23.5, P values < 0.006) and when eyes were
closed (vision main effect, F(1,16) between 4.9 and 7.2,
P values < 0.05), except for the SOL (vision main effect,
F(1,16) = 3.1, P = 0.10; Fig. 2). The co-contraction ratio
(aEMG TA/aEMG SOL × 100) was greater for elderly
than for young adults (age main effect, F(1,16) = 9.6,
P = 0.01), with eyes closed (86.8 ± 15.3%; vision main
effect, F(1,16) = 9.0, P = 0.012) compared with eyes
open (58.2 ± 15.6%), and when standing on a foam
mat (90.3 ± 16.1%; surface main effect, F(1,16) = 16.2,
P = 0.002) compared with a rigid surface (54.8 ± 13.1%).

Table 1 presents the aEMG activity normalized to
the maximal aEMG measured during the MVC of the
plantarflexor or dorsiflexor muscles for five young and
five elderly subjects. The aEMG for all muscles, except
GL (age main effect, F(1,8) = 1.5, P = 0.06), was greater
for elderly than for young adults (age main effect, F(1,8)
between 6.2 and 10.4, P values < 0.004).

Figure 1. Maximal amplitude of centre of pressure (CoP)
displacement in antero-posterior direction during upright
stance
The A-Pmax for young (open bars) and elderly adults (filled bars) with
eyes open on a rigid surface (REO) and a foam mat (FEO) and with
eyes closed on a rigid surface (REC) and a soft mat (FEC). The
displacements are greater for elderly adults than for young adults
(age main effect, P < 0.05). † Significant differences between
supports, P < 0.05. ‡ Significant differences between vision
conditions, P < 0.05.
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Figure 2. Electromyographic activity for leg muscles during upright stance
The rectified and averaged EMG (aEMG) for the soleus (SOL), gastrocnemii medialis (GM) and lateralis (GL) and
tibialis anterior (TA) muscles are shown for both vision and surface conditions for young (open bars) and elderly
adults (filled bars). The aEMG is greater for elderly adults than for young adults (age main effect, P < 0.05).
† Significant differences between support surfaces, P < 0.05. ‡ Significant differences between vision conditions,
P < 0.05.

Hmax/Mmax ratio

The latency of the H reflex was slightly longer in
elderly adults (35.0 ± 1.2 ms) than for young adults
(32.2 ± 2.2 ms; Student’s unpaired t test, P = 0.007). The
Hmax/Mmax ratio (Hmax expressed as a percentage of
Mmax) was less for elderly (37.9 ± 16.4%) than for young
adults (58.4 ± 16.4%), regardless of the balance condition
(age main effect, F(1,16) = 4.6, P = 0.048). Although the
Hmax/Mmax ratio did not differ across balance conditions
(vision × surface, F(1,16) = 0.3, P = 0.59), it was greater
during forward sway (48.6 ± 11.2%) than backward
sway (43.9 ± 12.0%; sway main effect, F(1,16) = 38.9,
P < 0.001). There were positive correlations between the
Hmax/Mmax ratio and the SOL aEMG (Fig. 3) for young
(r2 = 0.29) and elderly adults (r2 = 0.32), with a greater
reflex gain for the young group (slope = 34% mV−1;
95% confidence interval, 20–48% mV−1) than for the
elderly group (slope = 6% mV−1; 95% confidence inter-
val, 4–7% mV−1).

D1 inhibition

Figure 4 illustrates test and conditioned H reflexes
in one young and one elderly adult for the four

balance conditions. The size of the test H reflex
(normalized to its corresponding Mmax) ranged between
51 and 54% (vision × surface, F(1,8) = 3.0, P = 0.86)
for young adults and between 29 and 34% for elderly

Figure 3. Relation between the Hmax/Mmax ratio and the
background soleus aEMG
The Hmax/Mmax ratio was plotted against the rectified and averaged
EMG activity of the SOL in young (open circles; r2 = 0.29;
P < 0.001) and elderly adults (filled circles; r2 = 0.32; P < 0.001).
Data from all balances conditions are plotted.
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adults (vision × surface, F(1,8) = 0.8, P = 0.56). When
expressed relative to the Hmax, the test H reflex was 89
and 84% Hmax for young and elderly adults, respectively.
In such conditions, the ratio of the conditioned H reflex
relative to the test H reflex was less (age main effect,
F(1,16) = 7.0, P = 0.019) for young adults (87.4 ± 14.2%)
than for elderly adults (94.1 ± 14.5%). However, the ratio
did not differ when standing on the rigid surface with eyes
open (78.3 ± 10.8 and 83.3 ± 10.7% for young and elderly
adults, respectively; Student’s unpaired t test, P = 0.60),
the conditions in which the stimulation procedure was
established, indicating differences in the ratio between
the two groups across the other three conditions.
Moreover, the ratio of the conditioned H reflex relative
to the test H reflex was greater when standing with eyes
closed (95.2 ± 14.6%; vision main effect, F(1,16) = 6.8,
P = 0.02) compared with eyes open (86.4 ± 12.2%), and
when standing on a foam mat (97.4 ± 14.3%; surface main
effect, F(1,16) = 23.5, P < 0.001) compared with standing
on a rigid support (84.1 ± 10.4%). However, the amount
of D1 inhibition did not vary with sway direction (sway
main effect, F(1,16) = 2.6, P = 0.13).

D1 inhibition and balance

The A-Pmax was positively associated with the conditioned
H reflex/test H reflex ratio in elderly adults (r2 = 0.58,

P < 0.001), but not for young adults (r2 = 0.08, P = 0.19;
Fig. 5A). The conditioned H reflex/test H reflex ratio was
also positively associated with the co-contraction ratio
for elderly adults (r2 = 0.29, P = 0.003), but not for
young adults (r2 = 0.06, P < 0.23; Fig. 5B). Similar results
were obtained when the relation was calculated with
the normalized EMG values (five young and five elderly
subjects) for the co-contraction ratio (elderly, r2 = 0.24,
P = 0.034; young, r2 = 0.11, P = 0.16). Furthermore, the
co-contraction ratio was positively associated with A-Pmax

for elderly (r2 = 0.38, P < 0.001) but not for young adults
(r2 = 0.05, P = 0.29; Fig. 5C), even when the relation
was calculated with the normalized EMG values (elderly,
r2 = 0.31, P = 0.010; young, r2 = 0.07, P = 0.27).

Single motor unit recordings

The discharge of 24 motor units (12 motor units for each
group) in SOL was successfully conditioned by electrical
stimulation applied to the tibial nerve during the four
balance conditions or only within one surface condition
(rigid or foam). Consequently, the analysis of peak motor
unit discharge probability was performed within each
surface condition. The mean discharge rate did not differ
between visual conditions and age groups when standing
on the rigid (age × vision, F(1,16) = 0.1, P = 0.87) and
the foam surface (age × vision, F(1,16) = 0.4, P = 0.47).

Figure 4. Recordings of the test H reflex and conditioned H reflex
Representative traces of test H reflex and conditioned (cond) H reflex (averaged over 20 responses) for one young
subject and one elderly subject with eyes open on a rigid surface (REO) and a foam mat (FEO) and with eyes closed
on a rigid surface (REC) and a foam mat (FEC).

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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When collapsed across age, the mean discharge rate was
5.7 ± 1.7, 5.6 ± 2.0, 6.0 ± 1.4 and 6.1 ± 1.2 pulses per
second for the REO, REC, FEO and FEC conditions,
respectively. Discharge variability (coefficient of variation

Figure 5. Relations between D1 inhibition, CoP and
co-contraction level
A, relations between the ratio of the conditioned H reflex relative to
the test H reflex and the maximal amplitude of the CoP in the
antero-posterior direction (A-Pmax). B, relations between the H-reflex
ratio and the co-contraction level. C, relations between the
co-contraction level and A-Pmax. All the relations are statistically
significant for elderly adults (P < 0.001), but not for young adults.

for discharge times) did not differ between visual
conditions and age groups when standing on rigid
(age × vision, F(1,16) = 0.5, P = 0.56) and foam surfaces
(age × vision, F(1,11) = 0.6, P = 0.43). When collapsed
across age, the coefficient of variation for discharge times
was 31.1 ± 6.6, 33.7 ± 9.0, 41.3 ± 11.8 and 42.1 ± 8.3%
for the REO, REC, FEO and FEC conditions, respectively.

As illustrated in Fig. 6 for one young (Fig. 6A) and
one elderly subject (Fig. 6B), peak motor unit discharge
probability within the first 0.5 ms bin and the whole
peak decreased with eyes closed for both surfaces. This
particular modulation within the first 0.5 ms of the peak
was observed for the 18 motor units recorded during
upright stance on the rigid surface (vision main effect,
F(1,16) = 18.2, P < 0.001; Fig. 6C) and the 13 motor
units recorded when standing on the foam surface (vision
main effect, F(1,11) = 19.3, P = 0.001; Fig. 6D). Similar
results were observed for the whole peak, which decreased
from 0.36 ± 0.19 (vision) to 0.25 ± 0.15 discharges per
impulse (no vision) when standing on the rigid surface
(vision main effect, F(1,16) = 35.3, P < 0.001), and from
0.40 ± 0.21 (eyes open) to 0.26 ± 0.14 discharges per
impulse (eyes closed) when maintaining upright standing
on the foam surface (vision main effect, F(1,11) = 17.7,
P < 0.001). The decrease in peak discharge probability
with eyes closed (expressed relative to the eyes open
condition) did not vary with age for the first 0.5 ms of
the peak and the whole peak when standing on the rigid
(Student’s unpaired t test, P = 0.11 and 0.09, respectively)
and foam surfaces (Student’s unpaired t test, P = 0.16
and 0.67, respectively). Nonetheless, when data from
both surfaces were pooled together, the decrease in peak
discharge probability when eyes were closed was greater
within the first 0.5 ms of the peak for elderly than for young
adults (Student’s unpaired t test, P = 0.026; Fig. 6E),
whereas no significant difference was observed for the
whole peak (Student’s unpaired t test, P = 0.14) between
young (73.8 ± 16.0%) and elderly adults (62.9 ± 19.5%).

Discussion

The main new finding of the study was a decrease in D1
inhibition in soleus muscle during upright stance when
participants stood on a soft mat with the eyes closed.
This was accompanied by a decrease in peak motor unit
discharge probability evoked by stimulating homonymous
Ia afferents. These effects were more pronounced in elderly
adults, and suggest that the control of leg muscles during
upright stance changes with advancing age.

Methodological considerations

The present data indicate, in similar balance conditions,
less of a decline in the size of the conditioned H reflex

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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(decrease in D1 inhibition) and a decrease in peak
discharge probability evoked by homonymous mono-
synaptic Ia excitation as quantified with the single motor
unit method. Modulation of Ia presynaptic inhibition,
however, should elicit changes in a similar direction for
the D1 inhibition and motor unit methods (Hultborn
et al. 1987). Although surprising, the decrease in both
D1 inhibition and peak motor unit discharge is likely
to result from methodological differences between the
two methods. The D1 method assesses the transient
increase in presynaptic inhibition over its background
level in response to peroneal nerve stimulation. In the

presence of a strong increase in presynaptic inhibition,
however, the responsiveness of PAD interneurones can
be saturated, resulting in occlusion at the PAD inter-
neurone level between the natural descending inputs to
those interneurones and the peroneal group I afferent
volleys (Faist et al. 1996; see also Pierrot-Deseilligny
& Burke, 2005). Accordingly, a strong increase in pre-
synaptic inhibition would not manifest as an increase
in D1 inhibition, whereas it would be reflected as a
decrease in the peak discharge probability in single motor
unit recordings, which assesses background Ia presynaptic
inhibition. Alternatively, a change in the recruitment gain

Figure 6. Post-stimulus time histograms (PSTHs) derived from single motor unit recordings
A and B, post-stimulus time histogram (see Methods) for one young (A) and one elderly adult (B) in the two vision
conditions when standing on a rigid surface. Motor unit discharge probability is expressed as discharge/impulse
for 0.5 ms bins. The arrows indicate the onset of the peak of motor unit discharge in response to tibial nerve
stimulation and dashed lines underline the changes in the first 0.5 ms bin of the peak between the two vision
conditions. C and D, discharge probability of motor units within the first 0.5 ms bin of the peak of the PSTH during
upright stance on a rigid (n = 18; C) and a foam surface (n = 13; D) with eyes open and closed in young (blue
dots) and elderly adults (red dots). The thick black line represents the mean values of discharge probability when
data from young and elderly adults are pooled together. E, changes in discharge probability within the first 0.5 ms
bin of the peak of the PSTH with eye closure (expressed as a percentage of discharge probability for the eyes open
condition) in young (blue bar) and elderly adults (red bar) for data collapsed across surface conditions. ∗ Significant
differences between age groups, P < 0.05. ‡ Significant differences between vision conditions, P < 0.05.
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of the soleus motor neurone pool can also influence
the conditioned H reflex/test H reflex ratio. However,
variation in the input–output relation of the motor
neurone pool cannot influence the results obtained from
single motor unit recordings, and the decrease in peak
motor unit discharge probability with eye closure indicates
an increase in Ia presynaptic inhibition. Therefore, the
increase in the conditioned H reflex/test H reflex ratio
is likely to reflect an increase in presynaptic inhibition,
although the contribution of a change in recruitment gain
cannot be excluded for the D1 inhibition method.

Modulation of the H reflex during sway

Previous work indicates that muscle spindle afferents
provide a major source of input used to control upright
stance (Fitzpatrick et al. 1994b). The modulation of SOL
and GM H reflexes with the direction of the body sway
during upright standing (Tokuno et al. 2008) indicates
that the maintenance of balance involves adjusting the
contribution of muscle afferents to the net synaptic
input received by the homonymous motor neurone pool.
The present results extend these findings by reporting
the influence of sway direction on the size of the SOL
H reflex in different balance conditions for young and
elderly adults. Nonetheless, the influence of sway direction
on H-reflex size does not seem to be controlled at a
presynaptic level, because the ratio of the conditioned
H reflex relative to the test H reflex (D1 inhibition) did
not differ between sway directions. As the activation of
one muscle increases its group I afferent input onto both
homonymous motor neurones and inhibitory spinal inter-
neurones (reciprocal group I interneurones) projecting to
motor neurones that innervate antagonist muscles (Iles,
1996), the activation of the antagonist muscle is depressed
when the agonist muscle is activated. Accordingly, the
amplitude of the H reflex was positively associated with
the SOL EMG, which was greater during the forward
position of the CoP but lower in the backward position,
in which the activation of the TA was greater (see Results).
The difference in H-reflex size between sway directions,
therefore, may be partly attributable to differences in SOL
and TA activity (Petersen et al. 1999; Morita et al. 2001).

Modulation of Ia presynaptic inhibition during
balance

In the present study, the amplitude of the H reflex
(expressed relative to the Mmax) did not vary significantly
when the eyes were closed or when standing on foam
despite an increase in background soleus EMG. Given
that H-reflex amplitude increases with EMG activity
(Matthews, 1986), the absence of an increase in H-reflex
amplitude with a change in sensory feedback suggests
an increase in Ia presynaptic inhibition (Capaday &
Stein, 1989). Accordingly, our results indicate that the

modulation of Ia presynaptic inhibition varies with the
visual and proprioceptive conditions for both young and
elderly adults.

The increase in Ia presynaptic inhibition when the
eyes were closed or proprioception was modified (by
standing on a foam mat) indicates that the central nervous
system adjusts the contribution of the muscle afferent
inputs onto the motor neurone pool of the SOL at a
segmental level depending on the balance conditions. The
presynaptic depression of the segmental Ia afferent inputs
onto motor neurones when one of the sensory sources
relevant for balance control was suppressed (vision)
or modified (proprioception) may be used, therefore,
to reduce segmental reflexes without modulating the
inputs projecting to supraspinal levels (Nashner, 1976;
Rudomin & Schmidt, 1999). This is consistent with the
shift towards greater supraspinal control when balance
was compromised by facilitating sensory inputs to the
cortex and inhibiting spinal reflex pathways (McIlroy
et al. 2003). Moreover, standing on a foam mat probably
increased feedback from cutaneous afferents (that decrease
Ia presynaptic inhibition; see Iles, 1996) of foot-sole
receptors and thereby may have reduced the depression
of Ia presynaptic inhibition during this balance condition.
In addition, vestibular information has been shown to
provide critical input when standing on an unstable
support (Fitzpatrick et al. 1994a), and may increase Ia
presynaptic inhibition via vestibulospinal projections onto
PAD interneurones (Iles & Pisini, 1992) when standing on
a foam mat.

Age-related changes in Ia presynaptic inhibition
during upright stance

In agreement with previous work, the present study shows
lower D1 inhibition in elderly adults compared with
young adults. Although these age-related differences may
originate from a loss of peripheral axons with ageing, a
similar D1 inhibition between young and elderly adults
during upright stance on a rigid surface was obtained for
the same relative conditioning stimulus. Moreover, similar
sizes for the short-latency stretch reflex and H reflex
recorded in the tibialis anterior for young and elderly
adults indicates that the spinal reflex pathway is not
changed substantially in healthy elderly subjects when
seated (Klass et al. 2011). In addition, elderly adults
exhibited a greater decrease in peak motor unit discharge
probability than young adults with a change in balance
conditions. Therefore, differences found using the D1
inhibition method between young and elderly adults pre-
sumably reflect age-related changes in the modulation of
Ia afferents rather than the effects of subclinical trauma.

These results indicate that segmental Ia afferent input
is depressed at a presynaptic level to a greater extent in
elderly than young adults with eye closure or when support
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compliance is increased. Moreover, muscle co-contraction
increases with age (Benjuya et al. 2004; Hortobagyi &
De Vita, 2006), suggesting a shift in the contribution
of muscle afferents and co-contraction to the control of
balance (Benjuya et al. 2004). In agreement with this
interpretation, the increase in Ia presynaptic inhibition,
inferred from changes in D1 inhibition, was positively
associated with the level of co-contraction among the leg
muscles of elderly but not young adults (Fig. 5B). The
decreased reliance on feedback control in favour of feed-
forward control by the elderly adults has been suggested
to compensate for the age-related changes in the sensori-
motor system (Hortobagyi & De Vita, 2006) and can
be used to increase muscle stiffness, as indicated by the
smaller variations in fascicle length in elderly adults during
upright stance (Baudry et al. 2012).

Previous work reported that increased co-contraction
is associated with an increase in Ia presynaptic
inhibition (Nielsen & Kagamihara, 1993). A greater
agonist–antagonist contraction may augment muscle
stiffness, but increases the excitability of motor neuro-
nes innervating both agonist and antagonist muscles and
a reduction in Ia afferent input at the segmental level
may improve the control of motor output by avoiding
unexpected excitatory inputs from muscle spindles while
motor neurone excitability is high. Accordingly, the greater
co-contraction observed in elderly adults may require
greater Ia presynaptic inhibition to ensure better control
of agonist–antagonist muscles by reducing the risk of
unexpected reflex activity that may alter balance.

However, several factors support an alternative
hypothesis that co-contraction is a compensatory
mechanism to the age-related alteration in the Ia afferent
pathway. First, previous work indicates greater Ia pre-
synaptic inhibition at rest in elderly relative to young
adults (Kido et al. 2004; Morita et al. 1995). Second,
the slower conduction along the spinal reflex pathway,
which was observed as an increase in reflex latency for
the elderly adults, could disperse the afferent volley and
reduce its capacity to elicit large excitatory postsynaptic
potentials in motor neurones. Less effective transmission
through peripheral or central pathways, for example,
has been associated with larger body sway (Nardone
et al. 1995). Third, the parallel control of presynaptic
inhibition of Ia afferent terminals converging onto
reciprocal group I interneurones and motor neurones
(Enriquez-Denton et al. 2000) may concurrently decrease
Ia afferent inputs and increase the activation of the
antagonist muscles. In agreement with this interpretation,
the increase in Ia presynaptic inhibition, inferred from
the decrease in D1 inhibition, was associated with the
increase in co-contraction ratio in elderly adults. Fourth,
the amplitude of postural sway in the antero-posterior
direction increased with the amount of co-contraction
in elderly adults. Together, these arguments favour an

age-related depression of the inputs from muscle afferents
compensated by an augmentation of co-contraction
among leg muscles during the control of upright stance.

In conclusion, the present study suggests that the
modulation of presynaptic inhibition of Ia afferents at
a segmental level varied with balance conditions during
upright stance in young and elderly adults. Moreover,
elderly adults exhibited an increased level of Ia presynaptic
inhibition, as assessed by single motor unit recordings,
concurrently with an increase in leg muscle activity. These
results indicate that: (1) young and elderly adults rely less
on segmental muscle afferent input onto the SOL motor
neurones to control leg muscles during upright stance
when either the eyes are closed or the support surface
is more compliant; and (2) the control of leg muscles
during upright stance differs in young and elderly adults.
This work underscores the involvement of a presynaptic
inhibitory mechanism to adjust the contribution of Ia
afferents during upright stance depending on balance
conditions in young and elderly adults.
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