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Grosset J-F, Mora I, Lambertz D, Pérot C. Changes in stretch
reflexes and muscle stiffness with age in prepubescent children. J Appl
Physiol 102: 2352–2360, 2007. First published March 8, 2007;
doi:10.1152/japplphysiol.01045.2006.—Musculo-articular stiffness of
the triceps surae (TS) increases with age in prepubescent children,
under both passive and active conditions. This study investigates
whether these changes in muscle stiffness influence the amplitude of
the reflex response to muscle stretch. TS stiffness and reflex activities
were measured in 46 children (7–11 yr old) and in 9 adults. The TS
Hoffmann reflex (H reflex) and T reflex (tendon jerk) in response to
taping the Achilles tendon were evaluated at rest and normalized to
the maximal motor response (Mmax). Sinusoidal perturbations of
passive or activated muscles were used to evoke stretch reflexes and
to measure passive and active musculoarticular stiffness. The chil-
dren’s Hmax-to-Mmax ratio did not change with age and did not differ
from adult values. The T-to-Mmax ratio increased with age but
remained significantly lower than in adults. Passive stiffness also
increased with age and was correlated with the T-to-Mmax ratio.
Similarly, the children’s stretch reflex and active musculoarticular
stiffness were significantly correlated and increased with age. We
conclude that prepubescent children have smaller T reflexes and
stretch reflexes than adults, and the lower musculoarticular stiffness is
mainly responsible for these smaller reflexes, as indicated by the
parallel increases in reflex and stiffness.

prepubescent children; Hoffmann reflex; T reflex; stretch reflex;
musculoarticular stiffness

THERE IS NO DOUBT THAT the human nervous system undergoes
age-related changes that influence motor function so that acti-
vation capacity and contractile properties of prepubescent chil-
dren improve with age (4, 17, 43).

Several studies have examined the maturation of neurones in
newborns and during the first years of life by analyzing
parameters extracted from electromyograms recorded in reflex
conditions. These parameters are the Hoffmann reflex
(H reflex), obtained by submaximal electrical stimulation of
the motor nerve, and the tendon jerk (T reflex), obtained by
tendon taps. These reflexes were usually characterized only by
their latency to reveal changes in conduction velocity. The
changes in latencies are due to both the end of myelinisation,
as shown in masseter muscles (14, 20), and from increase in
stature, as indicated for the leg muscles (10, 32, 34, 36, 37, 49).

The amplitudes of the H and T reflexes in children have rarely
been analyzed. Only Vecchierini-Blineau and Guiheneuc (50)
measured the H-reflex amplitude in awake children aged 0 to 4
yr; they reported a gradual reduction in this reflex during the
first year of life. The H reflex increased slightly up to 4 yr of

age but remained lower than adults’ values. However, this
study did not report data for children aged from 4 yr up to
adulthood. To our knowledge, the stretch reflex induced by
rapid joint displacements has been studied in prepubescent
children only for masseter muscles, and authors reported an
increase in the amplitude of the stretch reflex between the
ages of 6 and 10 yr (14).

Although the H, T, and stretch reflexes are different notably
in the way they can be evoked (in terms of their afferent volley
or synaptic connections with motoneurons), nonetheless each
of these reflexes predominantly involves the recruitment of the
monosynaptic reflex pathway. In a recent review, Voerman
et al. (51) detailed similarities and differences between the
three types of reflexes. The amplitude of the reflexes is under
the influence of both central and peripheral factors. Because H
reflex bypasses muscle spindles, its amplitude mainly depends
on central mechanisms, notably the motoneuronal excitability
(although it does not give a direct measure of this excitability)
and the synaptic efficacy (31, 51). The central mechanisms also
influence T and stretch reflexes. Furthermore, when elicited
from an external mechanical stimulus, these reflexes are also
influenced by spindle sensitivity, gamma drive, and spindle
recruitment through elastic structures of varying compliance
(39, 40). This paper will focus particularly on this last factor of
influence. Changes in the stiffness of the musculotendinous
elements linked to the muscle spindles have been correlated
with mechanically induced changes in the amplitude of reflexes
in humans and rats (2, 3, 21). We have previously demon-
strated an increase in musculotendinous stiffness with age in
prepubescent children (23), and we now postulate a parallel
increase in the amplitudes of the T and stretch reflexes.

This study, therefore, documents the relationship between a
child’s age and changes in the stretch reflex of the triceps surae
(TS) muscle and ankle musculoarticular stiffness measured
under active and passive conditions. The reflexes for the soleus
(Sol) muscle and the whole TS were quantified to correlate the
reflex excitability with the elastic properties of this muscle
group.

METHODS

Subjects

A total of 46 prepubescent children (29 girls, 17 boys aged 7–11 yr)
and their legal guardians were informed of the experimental proce-
dures to be performed at the University Hospital Center in Amiens
(Picardie, France). The pubertal status of each child was determined
by the medical staff, and children were classified as prepubescent in
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terms of pubic hair, breast development, voice, and skin. Data on age,
height, body mass, and left calf circumference were collected for each
child. A reference group of adults included nine sedentary college
students (21.0 � 2.3 yr old). All subjects were free to withdraw from
the experiment at any time. The experimental protocol was approved
by the Consultative Committee of People Protection in Biomedical
Research and by the local committee for hygiene, safety, and ethics of
the University.

Ergometric Device and Apparatus

The ankle ergometer used in this study was a modified ankle
ergometer initially designed for adults (46). It consisted of an elec-
tronic device including the power unit, the position and torque
actuators, and a driving unit composed of a personal computer
equipped with a 12-bit analog-to-digital converter, three timers, and a
16TTL output. The mechanical device consisted of an actuator (mega-
torque motor NSK RS 1010) and the transducers: a strain gauge
torque (FGP CD 1050) and a 12-bit optical shaft encoder (Hengstler
RA 585). Specific menu-driven software controlled all procedures and
permitted the simultaneous recording of mechanical and electromyo-
graphic signals. A dual-beam oscilloscope gave the subject visual
feedback on the procedure in progress.

The Achilles tendon was tapped with a custom-made electromag-
netic reflex hammer made with a solenoid (Mecalectro). The reflex
hammer was mounted on the foot support of the ankle ergometer.
Electrical stimulations were applied using an isolated stimulator
(Digitimer, DS7) with adjustable stimulation intensity. The cathode
was a round-headed transcutaneous electrode, and the anode was a
silver plate.

Experimental Protocol

Bipolar surface electrodes were placed over the belly of both
gastrocnemius muscles [gastrocnemius lateralis (GL) and medialis
(GM)] and 2 cm below the insertion of the gastrocnemii on the
Achilles tendon for the Sol. The ground electrode (4 � 5-cm silver
plate) was placed over the tibia. The standard Ag/AgCl surface
electrodes (Beckman, 2-mm diameter) were spaced 15 mm center-to-
center. After the skin was rubbed with an abrasive paste and cleaned
with alcohol, the interelectrode impedance measured was under 5 k�.
Electrode gel was used with all surface electrodes.

Subjects sat on a vertically and horizontally adjustable armchair.
Dorsal support was provided during the rest periods, but not during
voluntary contractions to prevent extraneous movements and to limit
the contribution of other muscles such as the trunk extensor muscles.
The left foot was firmly held in a sports shoe (identical model for
all subjects) fixed to the footplate of the actuator. The ankle
rotation axis (horizontal bimalleolar axis) was made to align with
the rotation axis of the actuator. The knee was extended to 120°,
and the ankle was placed at 90°, the suggested reference position
for H-reflex studies (18).

The sequence of tests in an experimental session were 1) Achilles
tendon taps to elicit T reflexes of the TS at rest, 2) electrical
stimulation to record maximal H reflexes (Hmax) and M waves at rest,
3) maximum TS voluntary contractions under isometric conditions,
4) sinusoid length perturbations under voluntary contractions [20%,
40%, and 60% maximal voluntary contraction (MVC)] and at rest (0%
MVC) to 1) record the TS stretch reflexes and 2) determine the ankle
musculoarticular stiffness. The total duration of the experimental
protocol was �90 min, including subject preparation.

T and H Reflexes

The H reflex was elicited by submaximal electrical stimulus (1 ms)
of the posterior tibial nerve, with the cathode in the popliteal fossa
(1-cm-diameter sphere) and the anode placed over the knee (3 � 3 cm
silver plate covered with electrolyte gel), proximal to the patella. The

intensity of the electrical stimulus was increased at 4-s intervals [to
limit the postactivation refractory period (35, 52)] until there was a
maximal Sol H reflex with no (or minimal) motor direct response
(M wave). At that intensity, the H reflexes of GM and GL were near
maximal. Although it would have been preferable to repeat H record-
ings to measure the precise maximal H responses of each muscle,
experiment duration was so prolonged that this was not a practical
option. Consequently, the H response of the TS muscle group was
analyzed at the stimulus intensity giving the greatest reflex of the
highly excitable Sol. The stimulus intensity was then increased until
the direct maximal motor response (Mmax) was obtained on each part
of the TS. The Mmax response was used to normalize all reflex
responses.

The resting Achilles tendon was tapped using an electromagnetic
hammer, placed in front of the maximal concavity of the Achilles
tendon and 1 mm from the skin. The tap intensity was constant and
was the heaviest deliverable by the apparatus. The recordings of
Mmax, Hmax, or T responses were triggered by electrical pulses
delivered by the stimulator and sampled at 2.5 kHz for 700 ms. During
the H, T, and M response recordings, the experimenter checked using
the control oscilloscope that there was no background activity (BGA)
in any of the electromyograms (EMGs).

Data processing consisted of averaging the 10 highest (of 20) H
responses and the 15 highest (of 30) T responses. The Mmax response
was obtained for each muscle by averaging five maximal M waves.
The averaged EMG of Sol, GL, and GM were summed up to obtain
TS Mmax, TS Hmax, and TS T responses. T, Hmax, and Mmax responses
were quantified by their peak-to-peak amplitude. The mean amplitude
(area/duration) of the averaged Mmax response was also calculated
because there were sometimes polyphasic tracings of the gastrocnemii
muscles. This type of quantification has been justified and validated
(8, 22). All EMGs studied in this paper were evaluated in mean
amplitude to facilitate comparisons. T and Hmax responses of TS were
normalized to TS Mmax (T/Mmax, Hmax/Mmax,) for test-to-test com-
parisons.

Sinusoidal Perturbations

Stretch reflexes. Stretch reflexes were elicited during sinusoidal
length perturbations of the ankle superimposed on a voluntary con-
traction, as described by Rack et al. (40). The MVC was first
determined in plantar flexion under isometric condition while the
subject developed a maximal contraction against the actuator. Three
maximal contractions of 3–4 s were recorded, with a 2-min rest after
each attempt. MVC was defined as the greatest torque, maintained for
at least 1 s, produced during the three attempts. The subject was
instructed to maintain a torque (�5 s) at 20%, 40%, and 60% of MVC,
despite the imposed sinusoidal perturbations. At least 30 s of rest were
allowed after each trial. Thus this part of the experiment counted 44
trials (including the sinusoidal perturbations applied at rest, 0%
MVC), lasting �5 s each, thus representing a cumulative time of
contraction of 3 min. Given the �30-s resting time after each trial, it
can be assumed that these sinusoidal perturbations did not induce
muscular fatigue. A low-pass filter (1 Hz) was applied to the torque
signal shown by the feedback oscilloscope to help the subject main-
tain the target torque by masking the oscillations of the torque trace.
After the isometric target torque had been maintained for 1 s, the
experimenter imposed the sinusoidal length perturbations in the sag-
ittal plane (displacement of 3° peak-to-peak around the reference
position) at a given frequency ranging from 6 to 16 Hz at 1-Hz steps.
The subject was instructed to relax as soon as the perturbation
stopped.

Sol, GM, and GL EMGs were integrated over the 1 s of isometric
contraction preceding the sinusoidal perturbations, and mean ampli-
tudes (area/duration) were calculated. The BGA of TS was the sum of
the mean amplitudes of the three muscles. BGA under submaximal
condition is a percentage of maximal BGA calculated during MVC.
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The stretch reflex data that were calculated after the first and last
periods of sinusoidal perturbations were rejected to ensure that the
target voluntary torque remained constant. Since the duration of these
sinusoidal perturbations was maintained during 4 s regardless of
frequency, the number of successive periods averaged to calculate the
stretch reflex varied from 22 (at 6 Hz) to 62 (at 16 Hz). The EMG of
Sol, GL, and GM were averaged over the selected periods, rectified,
and summed up. From this data processing, the stretch reflex consisted
essentially of its more time-locked short-latency component (22). The
start and end of the stretch reflex burst were selected by the experi-
menter. Before this data processing, it was verified for each subject
that the Sol exhibited the highest stretch reflex and that GM and GL
presented comparable stretch reflexes. The stretch reflex of the TS
(SRTS) was quantified by its mean amplitude (area/duration) and
related to BGA to give the SRTS-BGA values. The SRTS-BGA values
were then related to the frequency of the sinusoidal perturbations. The
area under this relationship, which represents the frequency distribu-
tion of the stretch reflex, gave an index of TS reflex excitability over
the range of frequencies of the sinusoid perturbations (FD-SRTS-BGA).
The FD-SRTS-BGA, calculated for each target torque (20%, 40%, and
60% MVC), has been validated and used to express changes in stretch
reflex values (22).

Elastic characteristics. The experimental protocol and the data
processing were previously reported by Lambertz et al. (24). The
elastic properties of the musculoarticular system, including muscle-
tendon and articular structures, were determined under passive (0% of
MVC) and active conditions (20%, 40%, and 60% of MVC). Servo-
controlled sinusoid length perturbations (3° peak-to-peak whatever
the frequency of perturbations ranging from 6 to 16 Hz; see above)
were used to establish frequency-response relationships (Bode-dia-
grams, in which the averaged displacement-to-torque ratios and the
phase shifts between displacement and torque were plotted against the
imposed frequency). A Bode diagram reflects the mixed mechanical
contribution of inertia I, viscosity B, and elasticity K according to the
formula: Z(s) � I �s � B � K/s, where Z is the mechanical impedance
and s is the Laplace operator.

K was calculated at 0%, 20%, 40%, and 60% MVC to construct the
stiffness-torque relationship. Best fit for this stiffness-torque relation-
ship was obtained by a linear model: K � a T � b, where T is the
torque value and b the intercept point, representing the passive
stiffness of the musculoarticular system. Because the youngest chil-
dren exhibited an overactivation of the TS under submaximal condi-
tion (16), the musculoarticular stiffness was computed as the slope of
the stiffness-EMG relationship (23) (as opposed to the use of the slope
of the stiffness-torque relationship). The slope of this relationship
gave the stiffness index of the musculoarticular system, based on TS
activation (SIMA-EMG).

Statistics

Values are reported as means � SE. Linear regression analyses
were used to analyse age-related changes in the various parameters.
Bivariable linear regression analysis was performed to test both age
and stiffness as predictors of stretch reflex to evaluate whether
stiffness remains a significant predictor of stretch reflexes even once
the regression coefficients are adjusted for the effect of age. Two-way
repeated-measures ANOVAs were used to analyze the effects of age
and gender and to compare data for children and adults. Significant
interactions were followed by simple main effect designs, and, where
relevant, a post hoc Fisher test was used to determine which means
were significantly different. Regression lines were used to determine
differences in FD-SRTS-BGA-SIMA-EMG relationships. Differences
were considered significant when the P value was �0.05 (P � 0.05).

RESULTS

We first verified that none of the measured parameters for a
given age was influenced by the gender of the child. The data

for girls and boys were pooled for each age group because
there was no statistically significant gender dependence.

The mean anthropometric data for all children revealed that
all the measured parameters (calf circumference, body height,
and body mass) increased significantly with age (P � 0.05)
(17). The anthropometric characteristics of the prepubescent
children were always significantly lower than those of adults
(P � 0.05). The mean calf circumference was 26.4 � 0.6 cm
for 7-yr-old children, 31.9 � 2.5 cm for 11-yr-old children, and

Fig. 1. Relationships between the latency of reflexes quantified for the triceps
sural and the age of prepubescent children. The relationship concerns the
H reflex (A), the T reflex (B) and the stretch reflex (C). H-, T-, and stretch reflex
latencies were significantly correlated with the age of prepubescent children
(E) (A: r � 0.95, n � 5; P � 0.05; B: r � 0.97, n � 5; P � 0.05; C: r � 0.96,
n � 5; P � 0.05) and were lower than those for the adults (F). Data are
means � SE. §Significant differences between the adults and all prepubescent
child groups from ANOVA (P � 0.05).
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37.6 � 1.5 cm for adults. The mean height was 126.6 � 3.7 cm
for 7-yr-old children, 150.9 � 7.4 cm for 11-yr-old children,
and 178.8 � 6.4 cm for adults. Finally, the mean body mass
was 26.2 � 2.6 kg for 7-yr-old children, 41.7 � 5.6 kg for
11-yr-old children, and 69.8 � 5.8 kg for adults.

The latencies of H, T, and stretch reflexes were all correlated
with age of the children (P � 0.05) (Fig. 1).

The peak-to-peak and mean amplitudes of the Sol and TS M
waves were not affected by the age of the children and did not
differ from adult values (see Table 1). The Hmax-to-Mmax and

T-to-Mmax ratios of all children and adults calculated from the
peak-to-peak amplitude of the responses and from their mean
amplitudes were similar (P � 0.05).

The Hmax-to-Mmax ratio did not change with age [59.2 �
10.5% (Sol) and 48.6 � 10.5% (TS) for 7-yr-old children and
60.7 � 6.1% (Sol) and 49.4 � 6.0% (TS) for 11-yr-old
children] [Sol: F(4,46) � 0.14, P � 0.97; TS: F(4,46) � 0.12,
P � 0.96], and they were similar to adult values (61.0 � 5.5%
for Sol and 49.0 � 4.7% for TS) [Sol: F(5,55) � 0.15, P �
0.98; TS: F(5,55) � 0.11, P � 0.97] (Fig. 2).

Fig. 2. Relationship between soleus (Sol; A) and triceps surae (TS; B) maximal
H reflex-to-maximal M wave (Hmax-to-Mmax) ratio and the age of prepubescent
children. None of the data for any of the muscles were correlated (A: r � 0.40;
n � 5; P � 0.05; B: r � 0.31; n � 5; P � 0.05), and the mean values for
prepubescent children (E) did not change significantly with age and were
similar to adult values (F). Data are means � SE.

Fig. 3. Relationship between Sol (A) and TS (B) T-to-Mmax ratios and the ages
of prepubescent children. The T-to-Mmax ratios were significantly correlated
with the age of prepubescent children (E) (A: r � 0.94, n � 5; P � 0.05;
B: r � 0.96, n � 5; P � 0.05). The T-to-Mmax ratios for the Sol and TS
muscles of all children were significantly lower than those for the adults (F).
Data are means � SE. *Significant differences between prepubescent children
(P � 0.05). §Significant differences between the adults and all prepubescent
child groups from ANOVA (P � 0.05).

Table 1. Peak-to-peak and mean amplitudes of the Sol and TS M waves

7-yr-old Group (n � 10) 8-yr-old Group (n � 9) 9-yr-old Group (n � 8) 10-yr-old Group (n � 11) 11-yr-old Group (n � 8) Adult Group (n � 9)

Peak-to-peak amplitude

Sol Mmax, mV 7.7�1.6 7.1�2.0 7.5�1.7 7.4�1.3 7.6�1.4 7.9�1.1
TS Mmax, mV 18.3�1.3 17.8�1.8 18.6�1.5 18.8�1.3 18.4�1.2 19.6�0.8

Mean amplitude (area/duration)

Sol Mmax, mV 1.3�0.2 1.1�0.4 1.2�0.3 1.3�0.2 1.2�0.3 1.3�0.3
TS Mmax, mV 3.9�0.2 3.7�0.5 3.9�0.4 3.8�0.5 4.0�0.2 4.1�0.2

Values are means SE. Sol, soleus; TS, triceps surae; Mmax, maximal M wave.
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The T-to-Mmax ratios were notably affected by the age of
the children. For the Sol, they increased from 15.6 � 1.8%
for the 7-yr-old children to 20.3 � 3.7% for the 11-yr-old
children, and for the TS muscle group from 7.5 � 1.5% in
7-yr-olds to 13.4 � 1.8% in 11-yr-old children [Sol:
F(4,46) � 5.2, P � 0.05; TS: F(4,46) � 18.1, P � 0.01].
However, the children’s values were still significantly lower
than those of the adults (28.0 � 4.3% for Sol and 18.3 �
2.4% for TS) [Sol: F(5,55) � 5.2, P � 0.05; TS: F(5,55) �
23.6, P � 0.01]. The T-to-Mmax ratios for Sol and TS
muscles were significantly correlated with the age of the
children (Fig. 3). The slope of this relationship was steeper
for the TS muscle (1.43) than for the Sol muscle (1.09), but
the difference was not significant.

Figure 4 illustrates the stretch reflexes recorded on each part
of the TS during sinusoidal length perturbations imposed at 14
Hz and at 40% MVC for a 7-yr-old child, an 11-yr-old child,
and an adult. The higher reflexes were exhibited by the Sol,
with the GM and GL presenting a less but similar reflex
amplitude. Whatever the muscle considered, the amplitude of
the stretch reflex was lower in the youngest child. After it was
verified that these results were confirmed at each frequency of
sinusoidal perturbations, the Sol, GM, and GL were summed
up to give the stretch reflex of the TS (SRTS) and to calculate
the frequency distribution of the stretch reflex over the range of
frequencies of the sinusoid perturbations (FD-SRTS-BGA).
FD-SRTS-BGA decreased as activation increased. This decrease
was smaller in 7-yr-old children than in 11-yr-old children, and
it was more pronounced in adults (Fig. 5), as indicated by the
slopes of the relationship between the stretch reflex index and
the BGA. Figure 5 also illustrates the fact that the children
overactivated their TS when maintaining the submaximal

tasks. For example, the 7-yr-old children had a BGA-to-
BGAmax ratio of �0.8 at 60% MVC, when for the adults this
ratio was �50%. This overactivation phenomenon, presented
in detail by Grosset et al. (16), contributed to the lower stretch
reflex presented by the children.

The FD-SRTS-BGA was significantly correlated with the age
of the children, regardless of the target torque required and the
muscle considered (Fig. 6, A and B).

The musculoarticular stiffness under passive conditions (the
intercept point of the stiffness-torque linear regression with the
ordinate) increased significantly with age [F(4,46) � 65.4, P �
0.01] but was always significantly lower than that of the adults
[F(5,55) � 77.2, P � 0.01] (Fig. 7A). Figure 7B shows the
relationship between the age of the children and the musculo-
articular stiffness index expressed according to the activation
level (SIMA-EMG). SIMA-EMG was significantly increased and
correlated with the age of the prepubescent children [F(4,46) �
25.3, P � 0.01] (r � 0.97, n � 5, P � 0.05), but adult values
were still significantly higher than that for any of the five age
groups of children [F(5,55) � 29.7, P � 0.05]. The link between
the changes in reflexes and stiffness at rest is indicated by the
significant correlation (r � 0.69, n � 30, P � 0.05) between the
TS T-to-Mmax ratio and the passive stiffness (Fig. 8A). The same
holds for active conditions. Thus FD-SRTS-BGA is significantly
correlated with the musculoarticular stiffness index (r � 0.55,
n � 34, P � 0.05) (Fig. 8B). Bivariable linear regression
analyses showed that whatever the stretch reflex considered
(TS T-to-Mmax or FD-SRTS-BGA), stiffness (passive stiffness or
musculoarticular stiffness index, respectively) remains a sig-
nificant sole predictor of stretch reflexes even once the regres-
sion coefficients are adjusted for the effect of age (P � 0.01 in
both cases).

Fig. 4. Typical averaged tracings of angular displacement and rectified Sol, medial muscle (GM) and lateral gastrocnemius (GL) EMGs recorded under active conditions
[40% maximal voluntary contraction (MVC)] during sinusoidal perturbations at 14 Hz. Data are from a 7-yr-old child (A), an 11-yr-old child (B), and an adult (C).
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DISCUSSION

We have analyzed reflex excitability in prepubescent chil-
dren of different ages so as to demonstrate that changes in
musculoarticular stiffness (23) contribute to the enhancement
of mechanically induced reflexes with age. Before discussing
modification with age in the H, T, and stretch reflexes, a caveat
should be brought to light. Indeed, the direct comparison
between these reflexes is not entirely realistic because the three
responses differ in some important aspects. For H reflex, the
afferent volley is shorter in duration and better in terms of
synchronization but involves more Ib afferents (31). Tendon
tap to elicit T reflex mainly excites Ia afferents but also some
afferents of group II (27). Oligosynaptic contributions are
described for both the ankle jerk and the H reflex (7), whereas
the short latency component of the stretch reflex can be
considered as limited to monosynaptic connections (5, 45). The
stretch reflex requires the active state of the muscle to be easily
obtained; thus supraspinal controls are more effective on this
stretch reflex than on the reflexes elicited at rest. Despite these
differences, it is generally considered that the three responses
are largely due to the activation of the monosynaptic reflex
pathway; this validates their comparisons, provided the limi-
tations of these comparisons are clearly enounced.

In the present study, the reflexes were evaluated for the
whole TS muscle to relate the reflexes to the elastic properties
of that muscle group. In addition to this, the reflex excitability
of the Sol alone was quantified because most of the published
data concerns said muscle.

The amplitudes of the Sol and TS M waves were identical in
the children (whatever their age) and adults. An increase in
M-wave amplitude was expected since it is known that 1) muscle
fiber diameter increases during growth [for review, see Christ
and Brand-Saberi (9)] and 2) muscle fibers of greater diameter
produce higher action potentials [for review, see De Luca
(12)]. However, we used the same area electrodes for all
subjects, and they may have detected in their receptive field
more muscle action potentials when placed on a small muscle,
as in youngest children. The skin thickness may also differ

with age, and this could influence the detection of EMGs [see
Farina et al. (13) for review]. Thus the constant M wave in all
groups may be due to a combination of factors: the number of
muscle action potentials detected by the electrodes, the size of
the muscle action potential unit, and the skin thickness (cuta-
neous and adipose tissues).

The reflex excitability of a muscle, or muscle group, depends
on both central and peripheral mechanisms. The excitability of
the spinal loop at rest is presently assessed by analyzing the H-
and T reflexes. In children, the H-reflex is more often used to
assess changes in conduction velocity along the reflex loop
than to quantify the reflex excitability. Despite the difficulties
and limitations to interpret H-reflex changes, it is commonly
considered that changes in H-reflex amplitude in adults indi-
cate changes in synaptic efficacy, neurotransmitter release,
and/or motoneuron excitability, notably when the H reflex is
evoked in quiescent muscle (28, 47, 52). With the lack of
complementary experiments such as conditioning stimulations
or vibrations needed to assess synaptic efficacy and presynaptic
inhibition (19, 31), it is not possible to know which central
mechanisms may affect an eventual modification of the H-
reflex. However, the constancy of the Sol and TS H-reflex

Fig. 5. Relationships between the stretch reflex index (FD-SRTS-BGA) and the
background activity related to the maximal EMG recorded in MVC (BGA/
BGAmax) for the 7-yr-old children (open circles), the 11-yr-old group (shaded
circles), and the adults (filled circles). The decrease in FD-SRTS-BGA was
significantly correlated with the increase in the BGA-to-BGAmax ratio (for the
7-yr-old, the 11-yr-old, and the adult groups: r � 0.99, n � 3, P � 0.05). The
slope of the relationship was steeper for the adults (12.9 s	1) than for the oldest
children (10.7 s	1) or the youngest ones (7.8 s	1).

Fig. 6. Relationship between the stretch reflex index (FD-SRTS-BGA) for the
soleus (A) and triceps surae muscles (B), and the age of the prepubescent
children for a target torque of 40% MVC. The FD-SRBGA values were
significantly correlated with the age of the prepubescent children (E) (A: r �
0.92, n � 5, P � 0.05; B: r � 0.94, n � 5, P � 0.05) and were still higher for
the adults (F). Data are means � SE. *Significant differences between
prepubescent children (P � 0.05). §Significant differences between the adults
and all the prepubescent child groups from ANOVA (P � 0.05).
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amplitudes in the children indicates that these central mecha-
nisms seem to be mature in children as young as 7 yr old.

The Sol Hmax-to-Mmax ratios calculated for the children and
adults were comparable with published values (30, 33, 42, 50).
The TS Hmax-to-Mmax ratios confirm that the H reflexes are
lower in the gastrocmenius (48), also in children.

The T reflex, recorded when the child was relaxed, increased
with age. This age-related increase in T reflex was less pro-
nounced for the highly excitable Sol than for TS, but it was
significant in both cases. The increases in the Sol and TS
T reflexes with age may be due to an improvement in 
 drive.
However, the quiescent state of the muscle suggests that the 

activation was probably low so that it cannot account for the
changes in the T reflex (35).

The increase in the T reflex could also be due to an increase
in the sensitivity of the muscle spindles with age. The sensi-
tivity of the spindle afferents changes with age in rats (29) and
following a period of immobilization (15) or simulated micro-
gravity (11, 41). Similarly, the patterns of spindle sensitivity in
kittens and adult cats was also age dependent (44). It seems
reasonable to consider that the intrafusal fibers mature with age

in the prepubescent children examined in this study and that
modifications of spindle sensitivity cannot be at the origin of
the increase in the T reflex.

However, spindle recruitment can be influenced by the
stiffness of the elastic elements linked to the muscle spindles.
The increase in T-reflex amplitude with age may indicate that
muscle stretch in response to tendon tap is transmitted to the
muscle spindles via stiffer muscle-tendon structures. Part of the
imposed movement of more compliant tendons is absorbed by
the tendon itself so that less is transmitted to the muscle
spindles, as shown by Rack et al. (40). Changes in the T
reflexes of animals have been related to changes in musculo
tendinous stiffness (1, 2). The recent study of Lambertz et al.
(21) on the effects of spaceflight on humans found a significant
correlation between the changes in the T reflex of the TS and
passive musculoarticular stiffness, indicating that the passive
elastic structures take part in the reflex adaptation.

The correlations established here between the amplitude of
the T reflex and the passive musculoarticular stiffness supports
the link between reflex amplitude and muscle stiffness. Such
correlation suggests that adaptation of the elastic elements is
the main cause of the increase in reflex excitability with age in
prepubertal children.

Fig. 7. A: correlation between passive stiffness of the musculoarticular system,
defined as the intercept point (IP) of the linear musculoarticular stiffness-
torque relationship, and the age of the prepubescent children (E) (r � 0.96, n �
5, P � 0.05). IP values were higher for adults (F). B: relationship between
active stiffness of the musculoarticular system, defined as the slope of the
musculoarticular stiffness-activation relationship (SIMA-EMG) and the age of
the prepubescent children (E) (r � 0.97, n � 5, P � 0.05). SIMA-EMG was still
higher for the adults (F). Data are means � SE. *Significant differences
between the prepubescent child groups (P � 0.05). §Significant differences
between the adult subjects and all prepubescent child groups from ANOVA
(P � 0.05).

Fig. 8. Paired changes between reflex excitability and musculoarticular stiff-
ness, under passive and active conditions, for prepubertal children. A: corre-
lation between individual values of TS T-to-Mmax ratio and musculoarticular
stiffness calculated at rest (IP) for the whole population of prepubescent
children (r � 0.69, n � 30, P � 0.05). B: correlation between individual values
of stretch reflex index (FD-SRTS-BGA) and musculoarticular stiffness calcu-
lated under active conditions (SIMA-EMG) for the whole population of prepu-
bescent children (r � 0.55, n � 34, P � 0.05). Data were obtained while the
subjects maintained a torque of 40% MVC.
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The increase in reflex with age is also observed when the
reflexes are elicited under active condition by sinusoidal per-
turbation. The increase was shown by experimental monitoring
(see Fig. 3) and supported by the values of the parameter,
quantifying the stretch reflex over all the frequencies tested, in
agreement with previous suggestions (22). Such an increase in
stretch reflex amplitude with the age of prepubescent children
has previously been described for the masseter muscles and
attributed to a maturation of the sensorimotor pathways (14).
Due to the active state of the TS, changes in 
 drive may
contribute to this reflex gain more so than when the reflex is
evoked in quiescent muscles. However, once again, we suggest
that changes in the elastic structures may account for the
changes in reflex excitability. The correlation between the
stretch reflex and the musculoarticular stiffness index evalu-
ated under active conditions and the bivariable linear regres-
sion analysis indicates that the stiffness of the elastic structures
contributes notably to the increase in stretch reflex amplitude
with age. This correlation was established at a target torque of
40% MVC, well above the contraction needed for the tendon to
act as a spring of constant stiffness [see Proske and Morgan
(38) for review].

The analysis of the frequency distribution of the stretch
reflex at different muscle activations is a new approach (22) to
the “automatic gain principle.” Marsden et al. (25) showed that
the amplitude of the stretch reflex increases with the degree of
agonist activation. This “automatic gain principle” was later
developed by Matthews (26) in terms of frequency modulation
and recruitment of motor units. Bloem et al. (6) proposed that
this “automatic gain principle” could be evaluated by the
relationship between the stretch reflex and the BGA (ratio
method), leading to negative correlation between this relative
stretch reflex and activation values. Lambertz et al. (22) used
this ratio method to show that the slope of relationship between
the frequency distribution of the relative stretch reflex and the
muscle activation was steeper for a highly excitable muscle like
the Sol. Similarly, the shallower slope for the FD-SRTS-BGA-
activation relationship indicated smaller changes in reflex
excitability according to the level of TS activation in the
youngest children. This result can be partly explained by the
overactivation presented by the youngest children under
submaximal conditions as shown in Fig. 5 and detailed in
Grosset et al. (16).

We have thus used several methods to elicit stretch reflexes
and obtain a better understanding of reflex excitability in
prepubescent children. The constancy of the H reflex in the
children of all ages indicates that the central mechanisms
involved in this reflex pathway are mature. However, the
mechanically induced reflex increases with the age of the child.
Several mechanisms may be involved in this increase (im-
proved spindle sensitivity and/or in 
 drive), but the correlation
between changes in reflex amplitude and muscle stiffness
clearly indicates that the elastic properties contribute greatly to
the increase in the stretch reflex with age.
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