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Effect of ageing on the electrical and mechanical properties
of human soleus motor units activated by the H reflex and
M wave
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This study was designed to investigate the effect of ageing on the mechanical and electromyographic
(EMG) characteristics of the soleus motor units (MUs) activated by the maximal Hoffmann reflex
(H;o) and by the direct muscle compound action potential (M,,,,). Eleven young (mean age
25 * 4 years) and ten elderly (mean age 73 £ 5 years) males took part in this investigation. The
senior group presented lower amplitudes of M,,,, (=57 %, P < 0.001) and H,,,, (—68 %, P < 0.001)
waves compared to the younger population. These were associated with a depression of relative
twitch torque of the plantar flexors. The average values of the H,,,./M,,,, ratio did not statistically
differ between the two populations, despite a tendency for lower values (~23 %) in the senior group.
However, the older adults showed a greater relative amplitude of the sub-maximal M wave evoked at
H,ox (Magima) than did the younger males (young 5 % vs. elderly 29 % of the M,,,,,, P < 0.01). This
finding suggests an increased homogeneity between the excitability threshold of sensory and motor
axons. The twitch torque at H,,,, (Pt;;.y) was subsequently calculated by subtraction from the total
twitch torque of the mechanical contamination associated with M, ... The resulting Pty was
significantly lower in the elderly (=59 %, P < 0.001). Despite a discrepancy of 20 % between the two
groups, the mechanical ratio (Ptyu/Ptys Pty, twitch tension related to the M,,,, compound action
potential), like the EMG ratio, did not statistically differ between the young and older individuals.
Nevertheless, the senior subjects exhibited a higher twitch/EMG ratio for the reflexively activated
MUs (Pty p/Humax) than the younger individuals (+40 %, P <0.05). This finding suggests an on-going
neuromuscular remodelling, resulting in an increased innervation ratio. The neural rearrangement
may be viewed as a compensatory adaptation of the motor system to preserve the mechanical
efficiency of the surviving MUs, despite the age-related impairment of the segmental reflex system.
This phenomenon is confirmed by the maintenance, with senescence, of the approximately
constant values of the twitch/EMG ratio for the entire motor pool (Pty/M,,.,)-
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The neuromuscular system is known to undergo structural
and functional changes in old age (Doherty et al. 1993;
Lexell, 1995; Roos et al. 1997; Luff, 1998; Vandervoort,
2002). The quantitative evaluation of the peripheral neural
excitability and the associated contractile features may be
assessed by measuring the electromyographic (EMG)
activity, evoked by an electrical stimulus applied on a
peripheral nerve, along with the associated mechanical
response. It has been established that the maximal
Hoffmann reflex (H,,,,) of the soleus muscle produced by a
sub-maximal electrical stimulation of the posterior tibial
nerve may essentially be related to the activation of the
slowest-twitch units in the examined motor pool, which
are easily excited by an Ia afferent volley (Buchthal &
Schmalbruch, 1970; Schieppati, 1987; Callancie & Bawa,
1990; Pierrot-Deseilligny & Mazevet, 2000; Zehr, 2002).

Instead the compound muscle action potential (M,,,,), due
to the direct depolarisation of the a-motoneurons, is the
electrical response to the activation of the entire motor
pool, including fast-twitch units. The ratio between the
H,.x and M., waves (EMG ratio) is commonly used as an
index of peripheral reflex excitability (Schieppati, 1987;
Maftfiuletti et al. 2001). However, since it depends on the
facilitation of the transmission between the Ia fibres and
the a-motoneurons (Schieppati, 1987), the effects of pre-
synaptic inhibitions and, possibly, of oligosynaptic
contributions on modulation of the reflex response cannot
be neglected (Burke ef al. 1984; Zehr, 2002). It is well
known that ageing is associated with impaired neural
function, which peripherally seems to lead to decreased
motoneuron excitability. Although several investigations
reported a significant decrease in reflex response with
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ageing (Sabbahi & Sedgwick, 1982; Schmidt et al. 1982;
Vandervoort & Hayes, 1989; Koceja & Mynark, 2000;
Scaglioni et al. 2002), an attenuation of its normalised
index (Hp.«/Mpn.,) does not necessarily follow. Indeed,
some studies showed no effect of age on the proportion of
reflexively recruited motor units (deVries et al. 1985;
Vandervoort & Hayes, 1989) while others reported a
reduction of the EMG ratio pointing to a defective reflex
function (Sabbahi & Sedgwick, 1982; Koceja et al. 1995;
Angulo-Kinzler et al. 1998; Scaglioni et al. 2002). Hence, if
ageing can be associated with a reduced neural excitability,
it might be speculated that the kinetics of the twitches
associated with the H,,,, and M,,,, waves are affected to
a similar extent as their related compound muscle
potentials. As reported previously, the contractile features
of the twitch evoked by M,,,,, provide some indications of
differences between young and elderly muscles. Several
studies reported a lower maximal twitch force together
with a slowing in triceps surae contractile kinetics with
advancing age (Davies & White, 1983; Davies et al. 1986;
Vandervoort & McComas, 1986; Klein et al. 1988;
Vandervoort & Hayes, 1989; Winegard et al. 1997).
Despite these reports, very little is known on the force
output capacity of those motor units (MUs) contributing
to the H reflex, even though this might represent a way to
ascertain how senescence affects the various MU types.
The report by Vandervoort & Hayes (1989) is, to our
knowledge, the only one to address the effect of ageing on
contractile properties associated with H,,,. This previous
investigation showed a similar slowing in contraction
kinetics of the reflex and direct evoked twitch force.
However, these studies did not take into account that the
mechanical response associated with H,, does not
represent the pure mechanical expression of the MUs
reflexively activated. In fact, the H,,,, stimulus intensity
frequently evokes a sub-maximal M wave (Sabbahi &
Sedgwick, 1982) which corresponds to the activation of the
units innervated by the largest diameter motor axons
(Schieppati, 1987), being the most excitable in response to
artificial electrical stimulation. Nevertheless, a recent
investigation conducted in healthy young individuals, in
our laboratory (Maffiuletti et al. 2000), has identified
a procedure for determining the real mechanical
contribution of the MUs reflexively recruited, by
subtracting the contribution of those MUs activated by the
sub-maximal M wave. This method makes it possible to
couple the EMG ratio with its effectual mechanical output,
and thus may provide a way to explore the central and
peripheral adaptations induced by senescence on soleus
force production.

The Hoffmann reflex pathway seems to be affected by
several age-related changes, involving both interneurons
(Morita et al. 1995) and the afferent and efferent tracks.
The result is a reorganisation of neural structures (Jacobs
& Love, 1985), involving the progressive loss of the largest
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fibres (Wang et al. 1999) and the increased incidence of
demyelinisation/remyelinisation, responsible for the axonal
diameter shrinkage (Ochoa & Mair, 1969; Rao & Krinke,
1983) and the reduced internodal length (Lascelles &
Thomas, 1966). In keeping with morphological findings,
neurophysiological measurements also reveal a depression
in the compound action potential size and a reduction in
the conduction velocity of the neural response (Buchthal
& Rosenfalck, 1966; Sabbahi & Sedgwick, 1982). Since
ageing appears to be associated with various neurogenic
alterations at the peripheral and spinal level, leading to
attenuated neural excitability, the reduction of the EMG
ratio with increasing age may be regarded as an obvious
consequence. However, due to old age, MUs undergo
considerable remodelling. Typically, this phenomenon
involves the reinnervation of denervated type II fibres by
sprouting axons of the surviving motoneurons of slow-
twitch units, inducing a shift of the reinnervated type 11
fibres towards type I in terms of physiological and
biomechanical properties (Doherty ef al. 1993; Carmeli &
Reznick, 1994; Roos et al. 1997; Connelly et al. 1999;
Vandervoort, 2002). Given the greater excitability of the
slow MUs by the Ia afferent volley, the presence of ‘giant
and slower’ units in aged muscles may be viewed as a
compensatory mechanism aimed at preserving their
mechanical efficiency, despite the impairment of the
segmental reflex system. Therefore, in view of these
considerations, the present study was designed to
investigate how senescence affects the electrical and
mechanical properties of the soleus MUs activated by H
reflex and direct motor responses.

METHODS

Subjects

Ten young (aged 22 * 3 years, mass 72 + 6 kg, height 180 = 7 cm)
and nine elderly (aged 73 + 4 years; mass 76 = 11 kg; height
172 £ 8 cm) male adults gave written informed consent to
participate to the study, after being fully informed about the
investigation and the possible related risks and discomfort. The
older adults underwent a complete medical examination and only
individuals free from muscular, neurological, cardiovascular,
metabolic and inflammatory diseases took part in the present
investigation. To select moderately active individuals, an activity
pattern profile was defined for each subject, taking into account
the type and number of hours of exercise per week. Only
individuals, taking part in recreational, non-competitive, physical
activities with a frequency of no more than twice a week, were
admitted to the study.

Approval for the experimental procedures was obtained from the
Committee on Human Research of the ‘S. Maugeri Foundation’
(Institute of Occupational Medicine and Rehabilitation, Pavia,
Italy) and all experimental procedures were performed in
accordance with the Declaration of Helsinki.

Electromyographic and mechanical recordings
The tests were performed in the sitting position with the trunk
inclined at 60 deg with respect to the vertical. All measurements
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were carried out on the dominant lower limb fixed at about 90 deg
of flexion at the hip, knee and ankle joints. The flexed position at
the knee joint was chosen to reduce the mechanical contribution
of the gastrocnemii to the plantar flexor twitch torque (Cresswell
etal. 1995). Furthermore, particular care was taken in monitoring
the posture of the subject and avoiding head rotations during the
test to maintain constant cortico-vestibular influences on the
excitability of the motor pool and limit afferent feedback from
other peripheral receptors, i.e. Golgi tendon organs, cutaneous
and joint afferences (Schieppati, 1987; Zehr, 2002).

Surface EMG activities of the soleus and the tibialis anterior
muscles were recorded. Since the mechanical response induced by
tibial nerve stimulation is generated by the plantar flexors and
eventually reduced by concomitant activation of the tibialis
anterior (TA), the EMG activity of the antagonist muscle and
palpation of the muscle/tendon allowed the exclusion of the
activation of the TA. EMG was recorded using bipolar surface
electrodes (Neuroline, Medicotest, Denmark) with an inter-
electrode (centre-to-centre) distance of 2 cm. For the soleus
muscle the recording electrodes were placed along the mid-dorsal
line of the leg at ~4 cm below the distal insertion of the
gastrocnemii into the Achille’s tendon and for the TA these were
positioned in the upper third of the muscle belly. The reference
electrode was placed in a central position between the
gastrocnemii bellies. Inter-electrode resistance was kept < 5 kQ by
rubbing the skin with fine emery paper and cleaning with ether.
The EMG responses were associated with plantar flexion
mechanical recordings by using a custom-made pedal equipped
with strain gauges, specifically developed for the study by the
mechanical workshop of the local engineering school. A strap was
placed around the foot to secure it firmly to the pedal. The
mechanical signals were sampled at a frequency of 2 kHz and
amplified by five. EMG signals were band-pass filtered
(10 Hz-1 kHz) using an A/D board (Biopac, MP100, USA) and
stored with a commercially available software (Acqgknowledge MP
100 USA) for off-line analysis.

Electrical stimulation

One millisecond square-wave stimuli were applied to the
posterior tibial nerve via a cathode ball electrode (0.5 cm
diameter) pressed in the popliteal fossa and an anode electrode of
large size (12.5cm X 7.5 cm, VersaStim, ConMed, USA) was
placed on the anterior surface of the knee. The percutaneous
stimulation was delivered by a constant-current stimulator (DS7,
Digitimer Ltd, Welwyn Garden City, UK). Subjects were
familiarised with sub-maximal electrical stimuli over a period of
10 min before the beginning of the testing session. The stimulus
intensity was then progressively increased (by 1 mA increments)
from the level required to elicit the H reflex, up to the level for
evoking a maximal plantar flexor twitch torque and soleus M wave
amplitude. The largest H reflex response not preceded by a sub-
maximal M wave was called Hg,.. (Maffiuletti et al 2000). Four
stimuli were delivered at each intensity interspaced by a 5s
interval.

Data analysis

For each subject, we measured the peak-to-peak amplitude and
duration (i.e. the peak-to-peak time) of the soleus Hy,,, and M.
The H,,,, wave was normalised to the amplitude of the M,,,, wave
(Hima/Mpay) in order to assess the proportion of MUs activated by
the Ia afferents and also to minimise the influences of peripheral
factors. The amplitude of the sub-maximal M wave evoked at H,,,,,
intensity (Mymax) Was also recorded. In addition, we measured
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the latency of the H (Afy;) and M (Aty;) waves (i.e. the time interval
between the onset of the stimulus artefact up to the first deflection
of the H or the M waves) normalised to the subject height
(Aty/height; Aty/height), since the length of the reflex loop is a
function of the height of each subject (Guiheneuc & Bathien,
1976). Concerning the twitch torque associated with H,,, and
M,,..x we assessed: (1) the peak torque (Pt), namely the highest
plantar flexor twitch tension related to the H,,, wave (Pty) and the
M,,..x compound action potential (Pty;). For the twitch produced
at My, the following were also determined: (2) the twitch
contraction time (CT), the time to maximal twitch tension; (3) the
twitch half-relaxation time (HRT), the time to recover half of the
maximal twitch tension; and consequently (4) the mean rate of
twitch tension development (Pt/CT).

As previously mentioned, the H,,,,, wave frequently occurs with a
sub-maximal M response (Mmoo Fig. 1). A procedure to
determine the relative contribution of the H,,,, and M, . Waves
to the compound electrically evoked twitch torque, in a
population of young healthy subjects, has been described in a
previous study carried out in our laboratory (Maffiuletti et al.
2000). These authors postulated that different MUs are associated
with each wave and that the mechanical response is the result of
total EMG activity. Thus plotting the amplitude of the twitches
evoked by stimulus intensities < Hg,, against the amplitude of the
corresponding potentials (see examples in Fig. 2) may allow us to
determine the mechanical response strictly related to the MUs
reflexively activated. For each subject, the regression which was
found to best fit the whole range of torque values was linear and
the equation was used to estimate the twitch torque values not
contaminated by the sub-maximal M wave. The twitch torque
thus obtained was then subtracted from the total twitch torque
produced by the H and M waves. The resulting twitch values were
plotted against the corresponding M waves (see examples in
Fig. 2), for the range of stimulus intensities from H > Hg,. to
M = M,,... Even in this case, a linear correlation was observed.
Starting from the relationships between the twitch torque and the
H reflex or the M wave amplitude, an equation has been proposed
for estimating for each subject the relative contribution to the Pt
of the units activated by the H wave:

PtH—M = PtH/(l + Mathax/Hmax X SR)’

where Pty is the total twitch torque evoked at the H,,, intensity of
stimulation and SR is the mean ratio of the slopes of the H and the
M regressions, namely the ratio between the amplitude of the
twitches selectively evoked by equal H and M wave amplitudes.

To validate the equation for the elderly population, the average SR
value was calculated using the regression equations for those
elderly subjects in which Hg,. responses could be evoked.

Statistics

The critical level for statistical significance was set at 5 %. The data
are presented as means * s.0. Age-related differences for all
measurements were analysed with Student’s unpaired ¢ test. In
cases where the data did not meet the criteria of normality
(Shapiro-Wilks’ W test, P<0.05) a non-parametric Mann-
Whitney rank-sum test was applied. Linear regression analysis
(Pearson product-moment correlation) was used to compare the
degree of association between variables. The one-sample
Student’s ¢ test was applied to assess whether the Pty /H,,.x and
Pty/M., ratios were significantly different from ratio values
equalto 1.
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Table 1. Amplitude, duration, latency (Atu/height) of
soleus compound action potential (M..) and plantar-
flexor peak twitch torque (Pty), contraction time (CT),
half-relaxation time (HRT) and mean rate of tension
development (Pt/CT)

Young Elderly P

M,.x amplitude (mV) 929+ 1.49 3.97 £ 1.274%%  0.001
M,..x duration (ms) 2.57 +0.46 3.63 +£0.86%* 0.010
Aty /height (ms cm™) 0.038 £0.016  0.039 £ 0.005 0.450

Pty (N m) 17.66 £ 5.08 9.08 £ 1.87%  0.001
CT (ms) 139.33 £17.32  145.00 + 15.09 0.242
HRT (ms) 109.96 +18.35 109.47 £ 18.25 0.478

Pt/CT (Nm ms™) 0.127 £0.034  0.063 +0.014°*  0.001

Data are means + $.D.; n for young = 10, n for elderly = 9.
** P <0.01; ***P < 0.001, young vs. elderly.

RESULTS

M,,..wave: amplitude, duration, latency and twitch
contractile properties
Characteristics of the soleus compound action potential
and the related plantar flexor twitch contractile properties
are presented in Table 1. As can be observed, the amplitude
of the M,,,,, wave was significantly lower in the older group
(=57.3 %, P < 0.001), while the peak-to-peak duration was
41.2% (P <0.01) longer in the elderly than in the younger
population. The Aty /height, measured to detect possible
changes in the signal conduction velocity through the
direct motor pathway, was similar in both groups.

A

2mVv Hmax

10 ms

Mat Hmax

Table 2. Amplitude, duration and latency (At,/height)
of soleus reflex response (H..x) and amplitude of sub-
maximal M wave (M.uma), and plantar flexor peak
twitch torque (Pty) and estimated peak twitch torque
not contaminated by the M wave mechanical contri-
bution (Pty.m)

Young Elderly P
Huw amplitude (mV) 537 +1.47 1.74 £ 1.15%%*  0.001
Hyux duration (ms) 2.93£0.45 3421082 0.093

Aty/height (ms cm™)  0.176 £ 0.007 0.211 £0.014°%  0.001

Mitimax (%0 M) 4.89£3.28 28.57 £19.66**  0.002
Pty (N m) 12.21 £ 3.96 6.81 + 1.85** 0.002
Ptyn (N m) 11.42 £ 3.61 4.62 £2.07°*§ 0.001

Data are means + $.D; n for young = 10, n for elderly = 9.
*P < 0.05; ¥*P < 0.01; **P <0.001 young vs. elderly. §P<0.05
PtH Vs. PtH.M .

Likewise for the EMG recording, the peak twitch amplitude
produced by the M,,,,, wave was significantly depressed in the
senior group compared to the younger population (—48.6 %,
P <0.001), whereas no significant differences in CT and
HRT were observed. Taken together, the peak twitch torque
and the contraction time account for the lower Pt/CT value
in the older adults (—50.4 %, P < 0.001).

H,.., wave: amplitude, duration and latency

When the peak-to-peak amplitude of the soleus H ., wave
for the elderly subjects was compared with that of the
younger adults the mean difference was 67.6 % (P <0.001,

B
Hmax

Mat Hmax

Figure 1. Hoffmann (H) reflex and sub-maximal M wave (M, m.x): electrical and mechanical
responses recorded in one young and one elderly subject

Typical traces of the electrical (at the top) and mechanical responses (at the bottom) recorded in a young
subject (A) and an elderly subject (B) in response to maximal reflex stimulation of the posterior tibial nerve.
The myoelectrical signal from the soleus muscle shows the maximal reflex response (H,,,) and the
concomitantly evoked sub-maximal M wave (M,yimax). The higher Mm. shown by the elderly subject
indicates the substantial contribution of directly activated motor units to the total twitch torque (Pty)
produced by the motor units activated at H,,,, stimulus intensity.
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Table 2). However, no statistical differences in the H,,,
peak-to-peak duration were observed between young and
elderly individuals. The H wave latency time (Afy/height),
measured to detect possible changes in the signal
conduction velocity through the reflex arc, proved to be
significantly longer in the older than the younger group
(+20.0 %, P<0.001).

It is likely that the reflex-electrical and -contractile
characteristics are essentially the result of the depolaris-
ation of the reflex loop. However, the twitch related to H,,.,
was usually associated with an M response (Fig. 1). The
amplitude of the M,gm., was significantly different
between groups (P < 0.01), the average value for the young
individuals being 4.9 % of M., and for the older subjects it
was 28.6 %. These results indicate that the influence of the
antidromic volley on the H response and its contribution
to Ptat H,,,is not negligible, especially with increasing age.
Hence, particular care should be taken when analysing
both the H,, EMG and its associated mechanical
properties, and thus analysis of parameters concerning the
kinetics of the twitch, such as the time course of the twitch
associated with H,,,,, which cannot be corrected for direct
contamination, is precluded. Results regarding the
rectified amplitudes of reflexively evoked twitch torque are
presented below.

Estimation of the relative H,,,, twitch torque value
(Ptym)

The regression lines that were found to best fit the whole
range of torque values associated with the H and M waves
and the amplitude of the corresponding potentials were
linear (see examples in Fig. 2) for older (H regression
0.82 <r<0.94, P <0.01 vs. M regression 0.80 < r < 0.98,
P <0.001) and young (H regression 0.92 <r <0.99,
P <0.001 vs. M regression 0.96 <r <0.99, P <0.001)
subjects. For the elderly population, the average slope of
the H and M regressions was determined in six out of nine
subjects, since the other three individuals did not present
Hj.. responses. The mean slope of the H regressions
proved to be significantly higher in the elderly group
(+66.0%, P < 0.05), suggesting that the reflex activation
generates a greater mechanical response in comparison
with the younger population (Fig. 3). On the other hand,
the average slope of the M regressions did not appear to be
significantly different between groups.

The individual fitting also allowed calculation of the SR
coefficient of the formula for estimation of Pty (see
Methods) for each subject. The value 0f 0.8 + 0.1, found in
the control group, may be considered typical for a
population of normal young subjects, being in line with
the results of Maffiuletti et al. (2000). The SR was
significantly lower in the senior group than in the younger
subjects (0.6 + 0.2, P <0.05). This result allowed us to
‘tailor’ the equation for a population of healthy elderly
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Figure 2. Relationship between the twitch torque and
the H-reflex or the M-wave amplitude in one young and
one elderly subject

@, peak twitch torque (Pty; 1), evoked by stimulus intensities equal
to or lower than those evoking the Hy,.. wave (i.e. H responses not
preceded by any sub-maximal M wave), plotted against the
amplitude of the corresponding reflex electrical signals (H wave).
O, peak twitch (Pty;), obtained for stimulus intensities exceeding
those evoking the Hg,. potential, plotted against the amplitude of
the related direct motor potential (M wave). A shows the results
obtained from one young subject. The equations of the linear
regressions are: y = 2.72x + 0.29 (r = 0.96) and y = 3.30x — 0.10
(r=0.99) for the H reflex and the M response , respectively.
Billustrates the data from one older subject. The equations of the
linear regressions are: y = 2.40x + 0.28 (r = 0.94) and

y =4.03x + 0.33 (r = 0.95) for the H reflex and the M response,
respectively. The regression lines indicate a significant association
between changes in the amplitude of the electrical and mechanical
signals (P < 0.01).
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individuals. Hence it was possible to estimate the Pty of
young and elderly subjects using the following equations:

Pty
Young: Ptyum = , (1)
Mathax
1+ [———-0.8
Hmax
Pty
Elderly: PtH-M = . (2)
1+ atHmax )0,6

Itis worth noting that eqn (2) enables the determination of
Pti.m in an older population as a whole, that is to say, even
for those subjects for whom it was not possible to construct
the relationship between Pty and the related H wave, due
to the recurrent difficulty of evoking ‘free reflex responses’
in old age.

The estimation of Pt by: (i) equations (1) and (2) or
(ii) direct extrapolation from the H regression did not
show any significant difference within the two groups
(Fig. 4). Hence, subsequently only the values determined
using the equations were taken into consideration. The
estimated peak twitch proved to be significantly lower in
the older then in the young subjects (=59.5 %, P < 0.001;
see also Table 2). The difference between the measured Pty
(see values in Table 2) and the estimated Ptyy;, expressed
as a percentage of Pty, is an index of the relative

*
H Young

O Elderly

Mean slope value
w
.

H-regression M-regression

Figure 3. Slope of the linear regression for the H reflex
and the M response in young and elderly subjects

The amplitude of the histograms represents the slope of the linear
regressions between the electrical and mechanical H signals

(H regression), and the electrical and mechanical M responses
(M regression). The H regression slope for the elderly group (L)
was determined on 6 out of 9 subjects, since it was not possible to
evoke Hy.. responses on the remaining 3 older adults. The value
thus obtained (3.9 * 1.8) was significantly higher (* P < 0.05) than
the value shown by the 10 younger subjects (2.4 + 1.1, ll). No
statistical difference between groups was observed for the

M regression slope value (young 1.8 £ 0.7 vs. elderly 2.2 £ 0.8).
Data are presented as means £ .D.
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mechanical contribution of M, may to Pty. This value was
23.5 £ 17.5% for the elderly subjects and 4.3 £ 2.7 % for
the young group, which is approximately in line with the
relative amplitude of M,ym. as confirmed by statistical
analysis. It has also to be noted that the discrepancy
between Pty and Pty reached statistical significance only
in the older group (—32.0 £ 22.9%, P < 0.05), while the
younger population presented a non-statistical difference
of 6.2 £ 3.8 %. This confirms, once more, the increasing
mechanical influence of M, ;. with advancing age.

H,.../M,... (EMG ratio) and Pt;; /Pty (mechanical
ratio)

Although the average value of the H,,,,/M,,,, ratio did not
statistically discriminate between the two populations, a
22.7 % difference was found between the young and the
senior clusters (Fig. 5A). The absence of a significant gap
might be related to the great inter-subject variability of the
EMG ratio (sees.D. in Fig. 5A).

Pty was further employed to define the ratio of the pure
mechanical response associated with H,,,, to that related
to My i.e. the mechanical ratio. We expected that
comparison of the two populations might enable detection
of eventual differences in force production in response to
reflex activation. However, despite a disparity of 20.2%
between young and elderly individuals, the difference was

% % %
I : 1
20 - °
- o .
g 157 .
z
; 10 A 8 :
z 8 H s
o 8 ® g
5 O% s
o o
B [
° I—l—I
I—'—I
Young Elderly

Figure 4. Evaluation of the relative mechanical
contribution of the motor units activated by the H wave
using the equation Pt, = Pty/(1 + M,timax/Hmax X SR) and
by direct extrapolation

Comparison of two methods of estimation of the twitch torque
evoked by the maximal H wave (Pty ). O, individual data obtained
from the equation: Pty = Ptiy/(1 + Mygima/ Himax X SR); @, data
extrapolated from the relationship between the mechanical
response and the related electrical response evoked for stimulus
intensities below or equal to those evoking the Hg.. wave. A, values
determined using the equations for the 10 young and 9 elderly
subjects; A, values determined by extrapolation for the 9 young
and the 6 elderly individuals for which was possible to evoke H..
responses. The Pty values calculated with the equation were not
statistically different from the Pty values determined by the
extrapolation method, either in the young or in the elderly groups.
*** Significant difference between populations, P < 0.001. Data are
presented as means + S.D.
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not statistically significant (Fig. 5A), indicating that the
H,..x wave produced a mechanical contribution to the
whole muscle twitch torque that was equivalent in both
populations.

Given that the mechanical ratio is more difficult to obtain
than the EMG ratio, it may be of interest to investigate
whether both values change pari passu, thus providing
similar outcomes. To this aim the individual Pty /Pty
values were plotted against the H,,,./M,, ratio. It was
found that the best-fit regression was linear for both
groups (r=0.82, P<0.01 for the young vs. r=10.97,
P < 0.001 for elderly subjects) but not coincident with the
identity (represented with the dashed line in Fig. 5B). The
identity is the value, which would be achieved if the
twitches evoked by either wave were equal for equal wave
amplitudes (Maffiuletti et al. 2001). The senior group in
our study presented a regression line above the line of
identity but parallel to it, suggesting that the H,,,./My.x
ratio is in a nearly constant relation with the mechanical

A

Figure 5. Electromyographic (EMG)
ratio and mechanical ratio in young and
elderly subjects

A, the amplitude of the columns correspond to
the values of the EMG ratio (H,,u/Mpax ratio)
and the mechanical ratio (the ratio between
the twitch torque associated with H,,,, and the
peak twitch associated with M,,,,,) for the
young (n = 10, W) and elderly subjects (n = 9,
). No statistical differences were observed
between the two groups and within ratios.

B, the individual values of the mechanical ratio
are plotted against EMG ratio measurements.
@, data points for young individuals; B
O, individual values for the elderly subjects.

Alinear correlation was found between the

two variables; the equations are

y=0.64x + 0.28 (r = 0.82, P < 0.01) and

y=0.94x + 0.10 (r = 0.97, P < 0.001) for the

young and the older groups, respectively. The
best-fitline is indicated by the continuousline

for young subjects and the dashed line for

older individuals. The dotted line marks the

line of identity and corresponds to the values

which would be achieved when the twitches

evoked by either wave were equal for equal

wave amplitudes. Data are presented as

means * S.D.

EMG and mechanical values
normalised by the M,,,, counterparts

Mechanical ratio

Twitch associated with H reflexin old age
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ratio (slope 0.94). Therefore, it could be viewed as a
possible index providing simultaneous information on the
electrical and mechanical features. On the other hand, the
slope 0f 0.63 observed for the control group did not enable
us to draw the same conclusion for the younger population.

Ptym/H,n.x (reflex ratio) and Pty,/M, .. (maximal
ratio)

The ratio of the real mechanical contribution of H,,,, to the
H,..x potential (reflex ratio) is compared with the ratio for
the total motor pool (maximal ratio). As depicted in
Fig. 6A, there was no significant difference between the
reflex and maximal ratios within groups. Although both
ratios were higher in the older population, only the reflex
ratio exhibited a significant difference in comparison with
the younger group (+40.3 %, P < 0.05).

To effectively compare the reflex responses with respect to
the whole muscle, the quotient of the reflex and maximal
ratios was calculated for each subject (Fig. 6B). Despite the
absence of statistically significant differences between
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groups, it is noteworthy that both populations presented a
mean quotient significantly higher than the identity value
(+16 %, P < 0.05 for the young vs. +26 %, P < 0.05 for
the older subjects). This indicates a relatively higher
mechanical efficiency during the reflex than direct muscle
activation. Coincidence with the identity line would be
expected if the H,,,,/M ., ratio was equal to 1, which would
indicate recruitment of the whole motor pool by either
wave type and suggest that MUs activated by both waves
had a similar fibre type composition.

DISCUSSION

In the present study we describe the effect of ageing on the
mechanical and electromyographic characteristics of the
soleus MUs activated by maximal H reflex and direct

A

] Physiol 548.2

motor responses. In order to investigate the impact of the
neurogenic adaptations on the mechanical output evoked
by the reflex and the direct efferent responses, and
eventually make inferences regarding the characteristics of
the age-remodelled MUs associated with both waves, we
coupled the analysis of the EMG response with the twitch
torque evoked by the soleus H,,,, and M, in older and
younger adults.

M,....EMG and mechanical properties

In agreement with the literature on M,,,,, characteristics of
lower limb muscles (Vandervoort & McComas, 1986;
Vandervoort & Hayes, 1989; Cupido et al. 1992; Scaglioni
et al. 2002), the present analysis has shown age-related
changes in both the amplitude and duration of the muscle
compound action potential. These modifications may, to
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Figure 6. Ratio of Pt,,, to the H,,., wave
(reflex ratio) and ratio of Pty to the
M..x response (maximal ratio) in
young and elderly subjects

A, the histograms represent the average ratio
of the mechanical and the EMG amplitudes,
associated with H,,, (1) and M., (), in the
young (n = 10) and in the elderly (n = 9)
populations, respectively. While the reflex
ratio appeared to be significantly higher in the
elderly population (* P < 0.05), no statistical
difference between groups was observed for
the maximal ratio. B, the columns correspond
to the quotient of the reflex and the maximal
ratios in the young (n = 10) and the older

(n =9) populations. The dashed line
represents the identity value (indicated by a
dotted line in Fig. 5B) and corresponds to the
case in which the twitches evoked by the H,,,.,
and M, waves are identical. The mean
quotient values of both populations are
statistically different from the identity value:
§ P < 0.05. Data are presented as means * S.D.
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some extent, be attributable to peripheral myopathic and
neurogenic adaptations such as: (i) a slower electrical
propagation related to impaired muscle membrane
excitability and (ii) a desynchronisation of the soleus
motoneurons, which is consistent with an increased
duration of the muscle compound action potential,
associated with a reduced peak-to-peak amplitude, as
presently observed. However, no alteration of the direct
motor latency (Aty/height) was noticed in the elderly
group, attesting the apparent preservation of efferent
functionality, namely the effectiveness of the neuro-
muscular junction and the efferent conduction speed.
Therefore, the age-related adaptations responsible for a
modified direct motor wave seem to be mainly present at
muscle tissue level.

The plantar flexor contractile properties of the senior
group in our study showed the typical traits of senile
muscle — reduced twitch torque and slower contraction
kinetics — in accordance with data from previous studies
(Davies & White, 1983; Davies et al. 1986; Vandervoort &
McComas, 1986; Klein et al. 1988; Vandervoort & Hayes,
1989; Winegard et al. 1997). Our analysis points to an
absence of modification in CT and HRT with age, which
can be accounted for by the greater difference in Pty
observed between our two age groups (49 %) than was
found in the above investigations (from 13% (not
significant) to 26%). In other words, a simple scaling
phenomenon seems to explain the age-related stability in
the contractile time values fairly well. Vandervoort &
McComas (1986) observed slower contraction kinetics in
the plantar flexor than we did, but they also demonstrated
that the CT and the HRT of the soleus muscle are not
affected by age. In view of this, it has to be mentioned that
the test position of the subjects might have affected these
results. Since in the present experiments, the knee was
placed at a right angle, the contribution of the gastronemii,
which are bi-articulate, was considerably reduced
(Cresswell et al. 1995). As a result, it seems likely that most
of the mechanical response recorded in these experiments
was generated by the soleus. Given that this muscle
comprises mostly slow-twitch fibres, it is likely to be less
affected by ageing, which would explain the lack of change
in CT and HRT. This hypothesis seems to be further
confirmed by the findings of Winegard et al. (1997), who,
in subjects in a similar age group (60—80 years), with an
equivalent ankle position, also observed a weaker plantar
flexor Pt but no modification of CT and HRT. In our
study, because of the consistent difference in peak twitch
torque observed between the two age groups, the expected
slower contraction kinetics in older subjects is clearly
shown by the remarkable reduction in the mean rate of
twitch tension development.

Taken together, the foregoing studies indicate a general
slowing in the twitch contractile characteristics with
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ageing, even though this is less evident for the
predominantly slow-twitch muscles. These findings
suggest an age-related reorganisation of the motor unit
pool, implying a selective loss of fast-twitch MUs (Coggan
et al. 1992; Doherty et al. 1993; Lexell, 1995; Roos et al.
1997; Connelly et al. 1999; Wang et al. 1999; Nikolic et al.
2001; Vandervoort, 2002), an increase in the relative
number of MUs with slow and transitional properties
(Brown et al. 1988; Galea et al. 1991; Doherty et al. 1993;
Luff, 1998) and a slowing of the contractile speed of the
muscle fibres, regardless of their physiological type. Other
factors that may be held responsible for the slowing down
of the twitch kinetics with age could be related to
alterations in the excitation—contraction coupling process
(Klitgaard et al. 1989; Delbono et al. 1997), a possible
decrease in tendon stiffness with ageing, as recently
observed by Narici et al. (2003), and changes in the spread
of excitation through the transverse tubular system, as
attested by the longer duration of the M,,,, compound
action potential.

H,,..EMG and mechanical properties

The present results confirm the progressive age-related
impairment of the neural system at the peripheral and
spinal level. Various mechanisms, affecting interneurons
(modified presynaptic inhibition; Morita et al. 1995), as
well as both the afferent and efferent pathways, may be
responsible for the age-related decrease in reflex
responses. The significantly longer reflex latency exhibited
by our older subjects allows us to put forward the
hypothesis of neural structure remodelling, including
drop-out of the largest fibres, and a segmental
demyelinisation and remyelinisation process with a
consequent reduction in internodal length (Jacobs & Love,
1985; Wang et al. 1999). Yet since the longer reflex latency
(Aty/height) in older subjects was accompanied by an
unchanged direct motor contractile time (A#fy/height) it
seems plausible that the alterations are essentially focused
at the afferent level. These findings imply a modified
conduction velocity of Ia afferents and/or a decreased
synaptic transmission efficacy, as previously observed
(Scaglioni et al. 2002). However, in view of the progressive
slowing of motor conduction velocity with ageing, which
has been frequently reported in the literature (Borg, 1981;
Wang et al. 1999), the maintenance of the Afy/height in
our study appears as an unexpected result. However, the
size of the decrease generally reported is typically very
small and seems preferentially to affect the fast-conducting
nerve fibres (Wang et al. 1999). The M latency obviously
gives only an indication of a global change in MU
conduction velocity; therefore this measure is probably
not sensitive enough to detect such small and localised
alterations.

To our knowledge, Vandervoort & Hayes (1989) are the
only authors, to date, to have addressed the problem of the
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contractile characteristics of the twitch torque associated
with the H,,,, response during senescence. In contrast to
our results, Vandervoort & Hayes (1989) found no
significant alteration in Pty with increasing age. This is
quite surprising in view of the 57% reduction in H,,,
amplitude found in their study. It is likely that the
discrepancy between the present and earlier finding may
be ascribed to the mechanical influence of the MUs
activated by M, mae which has not been taken into
account in this previous investigation. This implies that
the mechanical response associated with H,,,,, is the result
of the torque produced by both the units reflexively
recruited (i.e. slowest-twitch units) and those directly
activated (i.e. fastest-twitch units). Hence, if it is accepted
that direct mechanical contamination cannot be ignored,
no particular conclusion can be drawn from the results of
Vandervoort & Hayes (1989). However, the possible
impact of subject sample differences should also be taken
into consideration. The elderly group tested previously
was composed of female subjects from geriatric care
facilities, who were older (mean age 82 years; Vandervoort
& Hayes, 1989) than the subjects in the present study,
although they were nevertheless still capable of
independently performing the activities involved in daily
living and were free from diagnosed neurological disease.

As observed from Table 1 and Fig. 1 in this report, the
influence of M, 4m. appears to increase with increasing
age. On the basis of this observation, it is speculated that
the lower amplitude of the H,,,, wave with senescence may
be related to an increased homogeneity of the neural trunk
(i.e. a possible decrease in the diameter of the more
excitable Ia afferent fibres) and consequently to an
increased similarity between the excitability thresholds of
the afferent and efferent axons. In fact, Ochoa & Mair
(1969) revealed an extensive fibre atrophy of the sural
nerve (pure sensory nerve) with increasing age, and a more
recent study by Rao & Krinke (1983) in aged lower
mammals points to axonal shrinkage following a process
of demyelinisation and remyelinisation of the dorsal spinal
roots. Our findings of a higher M, .« in the senior group,
and the greater difference between groups in the H,,,, than
M. amplitudes, seem to corroborate the hypothesis of an
enhanced neural homogeneity between sensory and motor
axons with age. Moreover, the longer reflex latency in aged
muscle, associated with a maintained direct motor
contractile time, also bears out this assumption. Indeed,
the good correlation between the conduction velocity and
the fibre diameter with senescence, observed by Norris et
al. (1953), supports the hypothesis that, in our study, the
process of neurogenic degeneration preferentially affects
the afferent pathway.

It may be asked why no reference has, so far, been made to
the role of age-related modulation of tonic presynaptic
inhibition (PI) of Ia afferent terminals in the reduction of

] Physiol 548.2

the maximal reflex response and the occurrence of a
greater M, . with ageing. The reason is that the literature
contains conflicting results. Morita et al. (1995) found an
increase in PI on Ia terminals with senescence, while recent
and more direct measurements (Earles et al. 2001)
revealed a lower level of PI at rest in the elderly subjects. In
conclusion, it appears that the effect of this specific
mechanism in modulating the reflex response still remains
to be fully explored.

Estimation of the relative H,,,, twitch torque value

The present investigation showed that the presence of a
contaminant sub-maximal M wave preceding H,,,, led to
overestimation of the peak twitch value evoked by the H,,,.,
wave, and it proved that M, im.. €xpressed as a percentage
of M,,...» was significantly greater in the older group. This
suggests that the influence on mechanical properties of Pty
by directly activated MUs is more pronounced with
increasing age. In several investigations evidence that
direct stimulation has a preferential effect on the larger
motor units has been provided (see Enoka, 1988 for
review). Previous studies have shown that the order
of motor unit activation during electrically induced
contraction depends on the diameter of the motor axon
(Erlanger & Gasser, 1937). The effect of axon diameter is
such that the largest axons have the lowest activation
threshold on electrical stimulation (Eccles et al. 1958;
Clamann et al. 1974). In a recent review, Pierrot-
Deseilligny & Mazevet (2000) referred to the difference in
motoneuron recruitment by the H and the M waves.
Following the described sequence of orderly recruitment
(Hugon, 1973; Schieppati, 1987), the small motor axons
are depolarised first during H reflex stimulation, whereas
electrical stimulation, which gives rise to the M wave,
initially activates axons with a large diameter, innervating
fast motor units. In the light of these observations, it seems
plausible that Mg, might be responsible for the
depolarisation of the largest diameter axons of the motor
pool examined in our study. For these reasons, we
speculate that at H,, stimulus intensities a greater
percentage of the fastest surviving twitch units is activated
by a direct volley in the aged plantar flexor muscles. This
seems to be an advantage in counteracting their selective
impairment with increasing age. Therefore, when testing
older individuals it is essential to deduce the mechanical
contribution of the sub-maximal M wave. Equation (1)
(see Methods and Maffiuletti et al. 2000 for references) was
used to correct the M wave contamination of Pty; in young
individuals. However, given the significantly greater
influence of M, . With senescence, a second equation
(eqn (2); see Methods) was fitted for the older population.
A discrepancy between Pty and Pty was observed in both
groups, but the difference was found to be statistically
significant only in the older population. This suggests that
the mechanical influence of M, i, on reflex twitch torque
may be negligible in young subjects, but not in an aged
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study group. The subtraction of this contribution has the
effect of exacerbating the mechanical difference between
the two groups, suggesting that reflex recruitment of MUs
is even more difficult in aged muscle than has been
thought hitherto.

EMG and mechanical ratios

Our findings point to a virtually unchanged efficiency of
the reflex transmission between the Ia spindle afferent
input and the soleus a-motoneuron pool with ageing.
Indeed, no significant modification of H,,,/My., was
found in the senior group tested. Vandervoort & Hayes
(1989) and deVries et al. (1985) reported similar findings,
suggesting that there is no effect of age on the proportion
of reflexively recruited MUs, despite an expected decrease
in the absolute number of units with ageing. Even though
there was no significant difference in the EMG ratio
between the two populations, a gap of 23 % between the
young and elderly groups was found. The reason for the
lack of a significant discrepancy may be, at least partially,
ascribed to the great variability of the reflex response,
which seems, as observed in previous studies (Sabbahi &
Sedgwick, 1982; Falco et al. 1994; Scaglioni et al. 2002) and
confirmed by the present results (Fig. 5), to increase with
increasing age.

Earlier findings of a significant decline in the H,,,./M.x
ratio with ageing (Sabbahi & Sedgwick, 1982; Schmidt et
al. 1982; Koceja et al. 1995; Scaglioni et al. 2002) support
the hypothesis of a substantial age-related attenuation in
the excitability of the spinal reflex pathway and/or in the
modulation of the interneuronal activity mediating
presynaptic inhibition. It is likely that the discrepancy
between previous and present results may have arisen
partially from methodological differences in test
conditions (e.g. prone/supine position, with/without foot
constraints) and stimulation procedures (e.g. different
types of stimulation electrode: monopolar or bipolar
electrodes with the anode proximal to the cathode).
Differences in the training background of the populations
tested may also have played a role. In fact, there is evidence
that the excitability of the spinal reflex pathway may be
modulated by physical activity (Perot et al. 1991;
Maffiuletti et al. 2001). Although all the subjects selected
for the present investigation were regarded as moderately
active, it was obviously not possible to account for the
impact of lifespan physical exercise on neural adaptations.

Given the assumption that slow MUs are more easily
excited by the Ia afferent volley than fast-twitch ones
(Buchthal & Schmalbruch, 1970; Calancie & Bawa, 1990;
Zehr, 2002), the influence of the subjects’ physical training
genre on H,./M,. supports the hypothesis that a
different distribution of motor unit types would alter the
efficiency of the Ia a-motoneuron reflex loop (Munson,
1990). It is now widely accepted that ageing is
characterised by a significant loss of MUs, accompanied by

Twitch associated with H reflexin old age 659

remodelling of the surviving units (Doherty et al. 1993;
Roos et al. 1997; Luff, 1998; Connelly et al. 1999;
Vandervoort, 2002). This age-related reorganisation
seems preferentially to involve type II fibres (Coggan et al.
1992; Doherty et al. 1993; Lexell, 1995; Wang et al. 1999;
Nikolic et al. 2001) in a process of selective denervation
and reinnervation by collateral sprouting of axons from
fibres of slow MUs (Doherty et al. 1993; Carmeli &
Reznick, 1994; Roos et al. 1997; Connelly et al. 1999;
Vandervoort, 2002). Consequently, it seems plausible that
the elderly subjects, as the endurance-trained athletes
(Perot et al. 1991; Maffiuletti ef al. 2001), exhibit a higher
soleus H,,,../M,.x ratio. However, in the light of the present
results, which point to a trend towards a decrease in
the EMG ratio, it is apparent that the age-related
rearrangement of the neural system, namely atrophy and
loss of the largest neural fibres, associated with a
demyelinisation and remyelinisation process (Lascelles &
Thomas, 1966; Ochoa & Mair, 1969; Jennekens et al. 1971;
Rao & Krinke, 1983), plays a primary role compared with
the shift in muscle characteristics towards the slower
contractile properties.

Pty m/H,. (reflex ratio) and Pty,/M, ., (maximal
ratio)

The older population showed a higher reflex ratio
compared with the younger group (+40 %). This means
that for equivalent EMG responses, the associated
mechanical response was greater in older adults. The
finding agrees with the assumption of a larger mechanical
output in response to reflex activation with ageing, as was
indicated by the steeper slope of the relationship between
the twitch torque and the H wave amplitudes observed in
the elderly population (Fig. 3). Comparison of the slopes
shows an even greater discrepancy between the young and
the elderly groups (+66 %). This may be due to the fact that
the average slope for the older population was calculated
for six out of nine subjects. The age-related higher ‘reflex
mechanical response’ is in keeping with the assumption of
an age-related peripheral reorganisation of the MUs, such
that decreases in the number of MUs appear in
conjunction with an increase in the number of muscle
fibres innervated, on average, by each motoneuron
(Doherty et al. 1993; Roos et al. 1997; Connelly et al. 1999;
Wang et al. 1999). The higher innervation ratio may be
viewed as a strategy of ‘strengthening’ each surviving unit
adopted by the ageing neuromuscular system in an
attempt to counterbalance the attenuation of the reflex
excitability and the loss of MUs. Therefore, the combined
effect of a higher reflex ratio and a maintained maximal
ratio may be to preserve the entire motor pool efficiency
during senescence, despite a reduction in the number of
functioning MUs.

In conclusion, whereas in the young adult the peripheral
reflex response appears to be related to the muscle
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phenotype, as indicated by the plasticity of the H,,,./M .«
ratio in response to training, in the elderly the attenuation
of the EMG ratio is basically the consequence of neural
adaptive rearrangements. This study has shown a trend
towards a decrease in neural peripheral functionality with
senescence related to a progressive increase in Mpmay.
Nevertheless, the higher reflex ratio found in the
older population probably reflects an increase in the
MU innervation ratio due to ongoing neuromuscular
remodelling. This phenomenon may be viewed as a
compensatory/adaptive mechanism to preserve the
mechanical efficiency of the surviving motor units, despite
the impairment of the segmental reflex system. However,
it appears that the higher mechanical efficiency of
the reflexively activated MUs does not manage to
counterbalance the age-related impairment of neural
excitability and loss of MUs. In fact, it has been observed
that older adults present a reduced reflex mechanical
response (Ptyy) in comparison with their younger
counterparts. From a functional point of view, the
attenuated neural excitability associated with a weaker
reflex twitch torque may be regarded as a possible cause of
the reduced ability to maintain an upright posture during
sudden balance perturbation with increasing age.
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