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Infant stepping: a method to study the sensory control of
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Stepping responses were studied in infants between the ages of 10 days and 10 months while
they were supported to step on a slowly moving treadmill belt. Surface electromyography
(EMG@) from muscles in the lower limb, force exerted by the feet on the treadmill belt, and
the motion of the lower limbs were recorded.

Two groups of infants were studied, those who had a small amount of daily practice in
stepping and those who did not. Practice resulted in a dramatic increase in the incidence of
stepping recorded in the laboratory, particularly for the periods between 1 and 6 months of
age.

The majority of infants showed clear alternation between the flexor and extensor muscles
during walking, regardless of age. Co-contraction between flexors and extensors, estimated
by the overlap in area between rectified and smoothed EMG from a muscle pair, was greater
for some muscle groups in the infant compared with the adult.

Practice resulted in a significantly lower co-contraction index for the tibialis anterior—
quadriceps muscle pair. Practice did not affect the mean step cycle duration.

Infants of all ages could step at a range of treadmill speeds by adjusting their step cycle
duration. The relationship between the treadmill speed and cycle duration was well fitted by
a power function, similar to those reported for intact cats and adult humans. The change in
step cycle duration resulted almost entirely from a change in the extensor burst duration,
whereas the flexor burst duration remained constant.

Airstepping could be elicited in some infants. The cycle durations for airstepping were close
to the shortest cycles recorded on the treadmill.

In conclusion, the system for generating rhythmic, alternating activity of the lower limbs for
stepping is clearly developed by birth. The stepping is sustained and regular, particularly if
stepping practice is incorporated briefly each day. The infant population provides a good
subject pool for studying the afferent control of walking in the human, before cerebral
influences are fully developed. The characteristics and maturity of the system remain to be
determined.
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The response of the walking human to specific, transient
sensory disturbances is well documented (reviewed in Dietz
1986; Stein, Yang, Edamura & Capaday, 1991). Many of
these responses in the human resemble those found in other
mammals, such as the cat (reviewed in Rossignol, 1996).
Interestingly, however, there are certain responses typically
seen in reduced preparations of cats that are very weak in
the adult human. For example, unloading the extensor
muscles of the limb in the late stance phase is necessary for
the initiation of the subsequent swing phase in the spinal or
decerebrate cat (e.g. Duysens & Pearson, 1980; Conway,
Hultborn & Kiehn, 1987; Gossard, Brownstone, Barajon &
Hultborn, 1994). The magnitude of such responses was

extremely weak in the intact human (Stephens & Yang,
1996a,b). Other conditions such as the importance of hip
extension for the initiation of the swing phase (Grillner &
Rossignol, 1978) are clearly not functioning in the same way
in the intact human as in cat preparations, since humans
can easily walk with large degrees of hip flexion such as are
needed when walking in a crouched position through a low
tunnel. The question remains, however, whether the under-
lying mechanisms for controlling walking are fundamentally
different between these species, or whether the preparations
studied (i.e. intact human versus spinal or decerebrate cats)
can account for the differences. There is certainly some
suggestion that the preparation can have a profound
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influence. The responses of load-sensitive receptors in the
muscle, in particular, differ depending on whether the animal
is spinalized, decerebrated (McCrea, Shefchyk, Stephens &
Pearson, 1995) or intact (Whelan & Pearson, 1998). The
reflex responses to force changes are clearest in immobilized
spinal or decerebrate cats (Conway et al. 1987; Gossard et al.
1994; Guertin, Angel, Perreault & McCrea, 1995), less strong
in walking decerebrate cats (Whelan, Hiebert & Pearson,
1995), and weakest in intact cats (Whelan & Pearson, 1998).

One of the ways to address the above question is to study
walking in humans, in states comparable to the decerebrate
or spinal cat. Adult humans are sometimes in such states,
but when in those states, stepping behaviour is extremely
rare (Calancie, Needham-Shropshire, Jacobs, Willer, Zych &
Green, 1994; Hanna & Frank, 1995; Dietz, Colombo, Jensen
& Baumgartner, 1995). Infants, on the other hand, exhibit a
stepping response at birth (Peiper, 1929), and indeed much
earlier in wutero (de Vries, Visser & Prechtl, 1984). This
stepping behaviour appears to be controlled largely by the
spinal and brainstem circuitry, since anencephalic infants
exhibit similar responses (Peiper, 1961). Thus, infants offer
the opportunity for studying the response of humans to
similar transient disturbances in sensory input during
stepping, before the cerebrum exerts its full control. The
response of infants to such disturbances may offer a glimpse
at the underlying mechanisms for controlling human
walking. This paper presents the development of feasible
procedures to study the role of sensory input in stepping in
the human infant.

In order to study how sensory input is controlled during
infant stepping, regular, sustained stepping is needed. Minor
perturbations can then be applied during a sequence of
steps to determine the response to the disturbance (reviewed
in Rossignol, 1996). Stepping can be elicited in infants at
birth through to about 2 months of age. Ideally, this would
be the best age to study stepping, because cerebral influences
on stepping are presumably smallest at this time. In reality,
infants at this age are rarely in an awake and alert state,
optimal for eliciting stepping. After 2months of age,
stepping is difficult to obtain for a duration of about 4—6
months (McGraw, 1940). The ability to study stepping
during this time (i.e. between 2 and 7 months of age) is
clearly advantageous, because the infant is alert for longer
periods of time in the day, and the cerebral influences
probably remain small. Daily practice in stepping is known
to prevent the disappearance of the stepping response and
increase the number of steps obtained in the laboratory
(Zelazo, Zelazo & Kolb, 1972). Thus, the first issue addressed
in this paper is the effect of such practice. It is not clear
whether daily practice would produce a sufficiently regular
pattern of walking, and whether it would induce changes in
the locomotor pattern itself. Thus, the walking patterns of
two groups of infants were compared, those with practice
and those without.

The second issue addressed is whether the muscle activation
patterns of infant stepping are regular and reproducible.
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Most earlier studies on supported stepping in infants
reported that co-contraction was common (Forssberg &
Wallberg, 1980; Berger, Altenmueller & Dietz, 1984;
Forssberg, 1985, 1986; Thelen & Cooke, 1987), and that
clear alternation of flexors and extensors was not present
until much later in development, well after independent
walking has been established (Berger et al. 1984; Leonard,
Hirchfeld & Forssberg, 1991). Only one study reported clear
reciprocally alternating contractions in supported walking
(Okamoto & Goto, 1985). In re-examining this issue, our
results agree with Okamoto & Goto (1985), in which
alternation of flexor and extensor contraction was the norm
in infants of all ages during supported stepping.

Finally, the responses to changes in sensory input induced
by changes in treadmill speed or ground support were
determined. Infants responded to changes in speed by
modifying the extensor burst duration without much change
in the flexor burst, as is the case in intact cats (Halbertsma,
1983) and adult humans (Grillner, Halbertsma, Nilsson &
Thorstensson, 1979). When airstepping could be induced,
the cycle durations were short, and the co-ordination of the
two limbs less rigid than treadmill walking, as in spinal cats
(Bradley & Smith, 1988).

METHODS

Subjects

A total of seventy-seven infants were studied; their ages ranged
from 10 days to 10 months (see Table 1). Among these infants,
thirty-eight performed some stepping. Stepping was defined as a
minimum of four consecutive steps in one sequence. Infants were
recruited through a number of different routes, including the
maternity wards of four major hospitals, and the community health
programme in Edmonton. Ethical approval was obtained from the
appropriate facilities. The parent provided informed, written
consent for the infant to participate in the study. Only healthy
babies, born at or after 32 weeks gestation were included.

The infants were divided into two groups arbitrarily. The infants
studied in the first 6 months of the project had no practice. Infants
that were recruited subsequently were divided into two groups.
Those who had parents that were already practicing stepping with
them, or those who were recruited shortly after birth and had
parents that were willing to institute daily practice were included
in the group with practice (see details below). Those who were either
recruited at a later age and the parents were not practicing
stepping with them, or those recruited early and whose parents
were not interested in practicing stepping were entered into the
group without practice. The parents of the group without practice
(58 in total) received no particular instructions except they were
encouraged to bring their infant in for the experiment at an optimal
time (i.e. about 1 h after a feed in very young infants, and during a
time of day the child was normally alert for the older infants). The
parents of the group with practice (19 in total) were given
instructions on how to help their infant practice stepping. The
method for eliciting the stepping response (Andre-Thomas &
Autgarden 1966; Prechtl, 1977) was described to the parent(s)
either in person or on the telephone. Parents were asked to elicit the
response twice a day for a short time (about 1 min). Regular phone
contact (every 2 weeks) was made with the parents to determine
how the practice was progressing. The total duration of practice



J. Physiol. 507.3

Sensory control of infant stepping 929

Table 1. Number of infants in each experimental group

Age (months) 0-1 1-2 2-3

3-4 4-5 56 6-7

7-8 8-9 9-10 Total

No practice 14 7 6 5
Practice 0 2 4 3

7 2 1 58
1 4 1 0 1 19

<1

The number of infants in each of the two groups, with no practice stepping and with practice stepping, are
shown for the various age ranges. No infants were tested in the 0—1 and the 8—9 month age ranges who had

practice stepping.

varied with the age of the infant at the time of testing. For fifteen
of the nineteen infants, practice started the day we first made
contact with the parents (on average, 3:5 weeks after birth), and
was continued until the day of testing. The other four infants were
recruited at an older age (on average, 4'5 months), whose parents
were already practicing stepping with them. The same instructions
were given to the parents, and they continued practicing until the
day of testing. On average, 2:8 months elapsed between our first
contact with the parents and the testing date. The total number of
infants in the group with practice is considerably smaller than the
group without practice. The numbers in the groups are uneven,
because we wanted a similar number of subjects in each group that
generated stepping, in order to compare the pattern of stepping
(e.g. 21 without practice and 17 with practice).

Recording procedures

The recording session was typically 1 h long, and varied very little
between infants of different age groups. Beckman surface
electromyographic (EMG) electrodes were placed over four muscle
groups, which could be the quadriceps (Quad) and tibialis anterior
(TA) muscles on each leg, or the Quad, hamstrings (Ham),
gastrocnemius—soleus (GS) and TA muscles of the left leg. Generally,
miniature electrodes (2 mm recording diameter) were used for the
lower leg and regular electrodes (7 mm recording diameter) were
used for the thigh muscles, except for the very young infants, in
which miniature electrodes were used on all muscles. The skin was
cleaned with rubbing alcohol before application of electrodes. The
electrode pairs were separated by approximately 1 cm. Adhesive
skin markers were placed over the superior boarder of the iliac
spine, the greater trochanter of the femur, the knee line, the lateral
malleolus and the head of the fifth metatarsal of the left lower limb,
for identification of landmarks on video. Depending on the size of
the infant’s foot, one or two force-sensitive resistors (Interlink
Electronics, Camarillo, CA, USA), 2:5 ¢cm in diameter were taped
to the sole of the foot or shoe. For the purposes of other
experimental manipulations not described here, a twin axis electro-
goniometer (Penny and Giles, Biometrics Ltd, Blackwood Gwent,
UK) was placed over the right hip joint in some infants.

When the sensors had been positioned, the infant was held over a
slowly moving treadmill with his/her feet making contact with the
treadmill belt. Young infants were held under their arms; some
older infants (>7 months old) preferred to be held by their hands.
The belt speed was adjusted to a level that seemed optimal for
eliciting stepping movements for each infant. A video camera
recorded the motion of the left side of the body, and the analog data
were recorded on VHS tape with the use of a PCM encoder (A.R.
Vetter Co. Inc., Rebersburg, PA, USA). These two recording modes
were synchronized by a pulse that generated a light signal on video
and a pulse on analog tape at a rate of 1 Hz.

Each trial typically lasted 1 or 2min, after which the infants
rested. During these rest periods, EMGs were often recorded, to
determine whether clear and separate bursts of EMG could be
obtained from each muscle group. This is important, as cross-talk
between muscles is more likely to occur in infants than adults
because of their small size. Recordings of spontaneous movements
were made for about 2—5 min while the infant was lying down or
being held, without being excessively active. We reasoned that if
there was no cross-talk, then over this period of time, isolated
activity from each of the four muscles should be visible. If isolated
EMG activity could not be obtained from a muscle group, then the
EMG data from that muscle were considered suspect for cross-talk,
but the data were still used for subsequent calculations on co-
contraction. Quiet periods during the sequence of recording also
allowed us to estimate the noise level in each channel.

Data analysis

The video data were examined for sequences of sustained stepping.
A hard copy of the raw data was printed on a chart recorder, and
the sequences of data corresponding to good stepping (as identified
on the video record) were selected for analysis. The EMG data were
then full-wave rectified and low-pass filtered at 30 Hz, and
converted from analog to digital form together with the data from
the force sensitive resistors, goniometer and synchronization pulse
at 250 Hz. The data from undisturbed walking steps were averaged
with alignment to either: (1) the beginning of foot—floor contact, as
indicated by the force-sensitive resistors, or (2) the onset of muscle
activity in a muscle that showed a clear bursting pattern with each
step (usually the TA). The duration of the step cycle and EMG
bursts were calculated from these averages.

Co-contraction was calculated from the EMG in the step cycle after
averaging across a number of undisturbed walking steps. The step
cycles were all normalized to 100% in time before averaging, so
that slight differences in step cycle duration did not result in
blurring of the EMG. The area under the averaged EMG-time
curve for one muscle in a step cycle was calculated after removal of
a bias. The bias was defined as a 50—100 ms window with the
lowest EMG amplitude in the average. The bias values were similar
to the values obtained during times when the muscle was quiescent
in the same subject, as recorded during the period of spontaneous
activity. The area under the averaged EMG from a muscle was
defined as 100%, and the amplitude at each point in time
expressed as a percentage of this total. The index of co-contraction
was defined as the overlap in area between any two muscle pairs.
For example, at any point in time in the step cycle, if both EMGs
from a pair of antagonist muscles were not zero, then the overlap at
that point in time was defined by the EMG with the lower
amplitude. The total amount of overlap in the step cycle is the sum
of these individual overlap points. The maximum possible overlap
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was 100%. These co-contraction indices were compared with data
obtained in adults from another study (Stephens & Yang, 1996a).
The differences in the co-contraction index between infants and
adults were compared using Student’s ¢ test.

The relationship between (1) cycle duration and treadmill speed,
(2) EMG burst durations and treadmill speed or cycle duration,
(3) cycle duration and age were quantified by fitting the data to
regression lines. The relationships for (2) and (3) above were fitted
with a straight line, and that for (1) was fitted with a power
function of the form y = a/a’, where y is the cycle duration (in s)
and x is the velocity (in m s™) of the treadmill belt (Grillner e al.
1979; Halbertsma, 1983). For the straight-line relationships, the
value of the slope was tested to determine if it was significantly
different from zero using Student’s ¢ test (Pedhazur, 1982). For the
power function, the goodness of fit was evaluated with an F ratio
(Pedhazur, 1982).

Sequences of airstepping were identified from video, and the cycle
durations were calculated either from the video record (i.e. from
initial hip flexion to hip flexion again) or from the EMG record
(i.e.the onset of TA activity). The cycle durations during
airstepping were compared with the mean cycle duration during

40 ¢
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those age groups. The number of infants in each group is shown in Table 1.

treadmill walking with Student’s paired ¢ test. The significance
level was set at 0:05 for all statistical tests.

RESULTS

Practice increased the incidence of obtaining stepping

The incidence of stepping in the laboratory varied with age.
Stepping was defined as four continuous, alternating steps
on the treadmill. Incidence of stepping was defined as the
number of infants in an age group that showed stepping at
least once in the experiment. Without training, stepping was
especially difficult to obtain in infants between the ages of 0
to 6 months (Fig.14). Training resulted in a dramatic
increase in the incidence of stepping in these infants
(Fig.1B). By the age of about 7—8 months, most infants
showed stepping on the treadmill without training. In
Fig. 1B, an asterisk indicates that no data were collected for
those age groups. Note that the 5-6 month age group with
practice was based on one child only. Thus, that data point
may not be reliable. Nevertheless, even if this data point

Figure 2. Effect of stepping practice

Stepping practice resulted in a substantial increase in the mean number of
stepping sequences that contained 5 or more steps in a testing session in infants
who showed stepping. Note that in the 4-5 months age group, no stepping could
be elicited in any of the infants without practice (@).
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Figure 3. Electromyography and foot contact patterns
during treadmill stepping

The EMGs from left and right limbs during treadmill stepping
are shown for subjects B.P. and A.J.in 4 and B, while those
from 4 muscles in the left limb are shown for subject C.D. in C.
The ages of these subjects at the time of recording were 2, 7-2
and 3-3 months, and the treadmill speed was 0:10, 0-19 and
012 m 87", respectively, for A, B and C. The vertical bars on
the left indicate the scale for each of the EMG graphs, which is
200 uV for A, 120 uV for trace 4, and 100 #V for all other
traces in B, and 60 uV for trace 2, 50 x4V for trace 4, and

100 uV for traces 1 and 3 in C. The data from force sensors
(FSR) are in arbitrary units. The traces on the right represent
the means of a number of undisturbed steps (19 and 20 steps
for the left and right legs for A, 62 and 72 steps for the left and
right legs for B, and 25 steps for (). The EMG scale is indicated
by the vertical bar on the right, which is 60 uV for trace 1 and
80 uV for all other traces in 4, 30 uV for trace 2 and 70 uV for
all other traces in B, and 20 gV for trace 2 and 40 uV for all
other traces in C. The horizontal bars at the bottom of each
section represent 1 s for each of the graphs.

were removed, the trend from all other age groups remains
clear.

The mean number of stepping sequences also increased with
training. Figure 2 shows the mean number of stepping
sequences that contained five or more continuous, alternating
steps per experimental session in infants who showed
stepping. The number of such sequences also increased with
training. Note that all infants tested between the ages of 4
and 5 months who had no practice stepping did not step in
the laboratory (Fig. 2, @).

EMG patterns in stepping

Clear alternation of flexors and extensors could be obtained
during stepping from infants of all ages. Figure 3 illustrates
different muscle groups for three different infants, aged 2 to
7-2 months. The EMG pattern of walking averaged across a
number of steps is shown on the right-hand side of Fig. 3.
Note that Quad, Ham and GS muscles are co-active in the
stance phase, and the TA is active in the swing phase

Figure 4. Index of co-contraction during stepping

The index of co-contraction was not significantly different for the TA—Quad
muscle pair for infants and adults, but the index was significantly higher for the
infants in the TA-GS pair. These data represent pooled data from 19 infants
and 7 adults for the TA—Quad muscle pair, and 12 infants and 10 adults for the

TA—GS muscle pair.
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(Fig. 3C). EMG bursts at the beginning of the stance phase
were seen in some infants (Fig.3B and (). These early
bursts were most commonly seen in extensor muscles, but
occasionally in flexor muscles too.

The index of co-contraction averaged across all subjects who
showed good EMG recordings from these muscle pairs is
shown in Fig. 4. The mean index of co-contraction for the
TA—Quad pair was not significantly different from adults,
whereas that for the TA—GS pair was significantly higher in
the infants. For an intuitive understanding of the co-
contraction index, note that for the subjects shown in Fig. 3,
the mean co-contraction index for the TA—Quad muscle pair
was 47 % for Fig. 34,31 % for Fig. 3B,and 24 % for Fig. 3C.

Practice did not alter the stepping pattern appreciably. The
step cycle duration was not significantly different for the
two groups (mean + s.p. was 1:92 4+ 0-54 s with practice and
1:63 £ 0-53 s without practice). The co-contraction index for
the TA—Quad group, however, was significantly lower in
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infants with practice (mean +s.p. was 39+ 14s with
practice, and 56 + 14 s without practice). The combination
of TA and GS recordings was not obtained in many infants.
Thus, the co-contraction index was not calculated for this
agonist—antagonist pair.

Infants adapted their stepping to the treadmill speed

The treadmill speed was systematically varied in nine
subjects (ranging in age from 1:6 to 8:7 months). In these
subjects, stepping could be obtained over a range of speeds,
with the stepping becoming less consistent at the highest
and lowest speeds. Data from an infant aged 1:6 months are
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shown in Fig. 5. The step cycle duration decreased with
increasing treadmill speed (Fig. 54). Moreover, the extensor
burst duration is inversely correlated with the treadmill
speed, and the flexor burst showed little change over the
range of speeds examined (Fig.5B). The slope of the
regression line for the GS burst duration was significantly
different from zero, whereas the one for the TA was not.

Pooled across all thirty-eight subjects, the step cycle duration
was strongly correlated with the speed of the treadmill
(Fig.64). The data were fitted with a power function:
y = a/ax". The best-fitting line yielded values for a and b of

Figure 6. Step cycle and EMG burst durations at different speeds for all

A, pooled data from 38 subjects shows that the step cycle duration varies
systematically with treadmill speed. Note that 9 out of the 38 subjects were tested at
a number of speeds, and thus contributed more than one data point to this figure.
The relationship is fitted with a power function y = a/a’, where a= 0-65, b= 0-55.
B, EMG burst durations for the gastrocnemius—soleus (GS; @) and tibialis anterior
(TA; O) muscles for the 9 subjects tested at a number of speeds indicates that the
change in step cycle duration results almost entirely from a change in the extensor
burst duration. The correlation coeflicient, r, was 0-94 for the extensors and 0-53 for
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0-65 and 055, respectively, values very similar to those
reported by Halbertsma (1983) for the intact cat (a ranged
from 0-495 to 0-608 and b from 0-54 to 0-65). The variance
accounted for was 52%, the F ratio was highly significant
(P < 0:05). A considerable amount of scatter is seen in the
pooled data, indicating that at any one treadmill speed,
different infants chose to step at very different rates,
particularly at the slower treadmill speeds. Interestingly,
when the extensor EMG burst durations were plotted
against the step cycle duration (Fig.6B), the relationship
was highly linear regardless of treadmill speed. The slope of
the relationship between burst and cycle duration was
significantly different from zero for both the extensors and
flexors.

The data from the nine infants who stepped at a variety of
speeds were used to determine whether age had a systematic

Figure 8. EMG and cycle durations for airstepping

A, rectified and smoothed EMG data from subject A..J.
during 2 airsteps is shown on the left. The mean over 4
steps in the same subject is shown on the right. The vertical
bar represents 70 uV for the traces on the left and 40 x4V for
the traces on the right. The horizontal bars represent 0:5 s.
B, the cycle duration pooled across 9 subjects shows that the
airsteps were significantly shorter in duration than the
treadmill steps.
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effect on the preferred treadmill speed. We were confident
that the entire range of speeds at which an infant could step
were tested in most of the subjects in this group. The
percentage of time in which stepping was observed at a
particular treadmill speed was calculated. A minimum
length of 20s was deemed necessary to obtain a good
estimate. Treadmill speeds at which less than 20s of
stepping was attempted were not used. One subject’s data
were not included for that reason. The speed with the highest
percentage stepping time was considered representative of
the infant’s preferred speed. This preferred speed was
plotted against age in Fig.74. Clearly, younger infants
preferred a slower speed than older infants. Interestingly, at
an intermediate speed where data were collected for most
infants in this group (6 out of 9), the step cycle durations
were similar for infants of all ages (Fig. 7.5).
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Airstepping

Airstepping was not easy to obtain. In the nine subjects in
whom some airsteps (1—6 airsteps in different subjects) were
obtained, the duration of the step cycle during the
airstepping was significantly shorter than the mean cycle
duration during treadmill walking (Fig.8B). The EMG
pattern during airstepping was usually less regular than
treadmill walking, and the overlap or co-contraction between
flexors and extensors was greater. Electromyographic data
during airstepping from one subject is shown in Fig. 84 for
two airsteps (left), and for a mean of four airsteps (right).
Data from treadmill walking for the same subject are shown
in Fig.4B. Qualitatively, the relationship between the two
limbs was less co-ordinated during airstepping than
treadmill walking in all subjects. Reciprocally alternating
steps were observed, as were single-sided stepping and
synchronous stepping of both limbs.

DISCUSSION

The primary new findings in this paper are as follows.
(1) Training dramatically increases the incidence of obtaining
stepping, while having no significant effect on the cycle
duration, and a minor effect on the EMG pattern of stepping.
(2) The EMG from the leg muscles shows alternation between
flexors and extensors in infants of all ages during supported
treadmill stepping. (3) Infants adapt their stepping to the
presence of ground support and to the treadmill speed.
These adaptations suggest a rather mature rhythm-
generating system.

Stepping practice makes it feasible to study infant
stepping

Regular stepping with consistent EMG patterns can be
obtained for short periods in infants. Daily practice enhances
the success of obtaining stepping in the laboratory, consistent
with earlier findings (Zelazo et al. 1972). This is important
for future studies, as sustained, regular stepping for a short
period is essential to study how the subject responds to
disturbances. Practice thus makes it feasible to study how
reflexes are controlled in slightly older infants (i.e. between
2 and 7 months). Stepping practice did not appear to alter
the basic characteristics of the walking pattern, namely the
optimal treadmill speed for stepping and the cycle duration.
The EMG patterns remained qualitatively similar to age-
matched infants that had not practiced stepping, but the co-
contraction indices were significantly lower in infants who
had practiced. Thus, the small amount of practice may have
enhanced the expression of a more regular and reciprocally
alternating stepping pattern.

Characteristics of infant stepping

Young infants stepped better at slower speeds. Why this
was so, and why younger infants were unable to keep up
with the faster treadmill speeds is unclear. It may be that
the slower contraction speed of muscle in the young (Close,
1964), incomplete myelination and the small diameter of
both peripheral and central nerves (e.g. Yakovlev & Lecours,
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1967; Gutrecht & Dyck, 1970) which together result in
slower conduction velocities made it impossible for the
younger infants to keep up with the faster speeds. Slower
locomotor rhythms are also seen in neonatal rats (Bekoft' &
Trainer, 1979: swimming; Westerga & Gramsbergen, 1993:
walking) and cats (Bradley & Smith, 1988: walking). At a
particular treadmill speed, the step cycle duration was not
systematically different for infants of different ages except
at the very slowest speed (not shown). Thus, other as yet
unidentified factors must be more important in determining
the duration of the step cycle. One possibility is the amount
of weight borne by the legs (see below on airstepping), but
this will require a more detailed recording of the forces
under the feet.

Clear alternation between flexors and extensors was seen
during walking in the majority of infants, in agreement
with Okamoto & Goto (1985). This was true regardless of
the infant’s age. Since previous reports suggested co-
contraction was prevalent, but did not quantify the degree
of co-contraction (Berger et al. 1984; Forssberg, 1985, 1986;
Thelen & Cooke, 1987; Leonard et al. 1991), we felt that
such quantification would be useful. Quantification of the
overlap between flexor and extensor activity indicated that
larger amounts of co-contraction exist during stepping in
the infant than in the adult for the muscles about the ankle
(Fig. 4). Tonic activity of the flexors, as reported by others
(Forssberg, 1985, 1986; Leonard et al. 1991), however, was
rarely seen. A number of factors could account for the greater
degree of co-contraction seen at the ankle in the infants.
(1) The immaturity of the system may be important. (2) A
second factor may be cross-talk, which remained suspect in
two infants for the GS—TA muscle pair, and three infants for
the TA—Quad muscle pair, as judged from the lack of
independent activity between the two muscle groups
throughout the experiment. The co-contraction index
reported here, thus represents an overestimate. (3) The
control of posture and equilibrium could also have lead to
more co-contraction in the older infants, who supported a
larger amount of their own weight, particularly in those
who were held by their hands only (see also Okamoto &
Kumamoto, 1972; Berger et al. 1984; Okamoto & Goto, 1985).

Independent walking requires the ability to generate
rhythmic stepping movements of the lower limbs, in
addition to the control of postural and volitional aspects of
stepping. The stepping behaviour reported here reflects
primarily the generation of rhythmic movements. This
aspect of the behaviour appears well developed at birth.
Indeed, the circuitry for controlling stepping is assembled
very early in embryonic life. Many vertebrates including
tadpoles (Stehouwer & Farel, 1985), chicks (Narayana &
Hamburger, 1971; O’Donovan, Sernagor, Sholomenko, Ho,
Antal & Yee, 1992), rats (Kudo, Ozaki & Yamada, 1991;
Greer, Smith & Feldman, 1992; Robinson & Smotherman,
1992) and cats (Graham Brown, 1915; Windle & Griffen,
1931) show spontaneous or induced stepping movements
with clear alternating flexor and extensor activity early in
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embryonic life (reviewed in Sillar, 1994). The ability to
locomote soon after birth must have been an important
evolutionary advantage in many animals. Alternating
stepping-like movements are also seen very early in utero in
humans, as early as 10 weeks gestation (de Vries et al. 1984).
When an animal or human starts to develop the ability to
walk independently, the added demands of postural control
alter the muscle activation patterns initially, showing large
degrees of co-contraction (Okamoto & Kumamoto, 1972;
Berger et al. 1984; Okamoto & Goto, 1985; Bradley & Smith,
1988; Westerga & Gramsbergen, 1993). With practice, the
co-contraction decreases, and the muscle activation pattern
returns to a reciprocal pattern of firing again (Berger et al.

1984 ; Okamoto & Goto, 1985).

Flexor activity was usually large in amplitude and short in
duration in the human infant whereas the extensor activity
was generally more prolonged and of smaller amplitude
(Fig. 3). Weaker extensor activity, particularly of the Quad
muscle group, may have been because the infants were
supported and required minimal extensor activity to remain
upright. This may also have been the reason Thelen and
colleagues reported minimal Quad activity (Thelen & Fisher,
1982). Interestingly, consistent and adult-like bursting also
occurs earlier in the flexors than extensors during walking
in neonatal rats (Westerga & Grambergen, 1993).

The EMG profiles from averaged data (Fig. 3, right) indicate
that some of the characteristics of adult walking are not yet
present. For example, the two-burst pattern in the TA
muscle (one in the swing phase, and one at the transition
from swing to stance), typical of adult plantigrade walking,
is absent in these infants. Peculiarities of infant stepping,
reported by others, were also noted. A burst of activity at
the beginning of the stance phase, particularly in the GS
muscle, but sometimes in other muscles as well, was
common in infants, in agreement with others (Berger et al.
1984; Forssberg, 1985; Leonard et al. 1991). This is probably
related to the hyperactive spinal reflexes at this time in life
(e.g. Mayer & Mosser, 1973; Issler & Stephens, 1983;
Myklebust, Gottlieb & Agarwal, 1986).

Infant stepping is responsive to sensory input

Infants clearly respond to a change in treadmill speed by
adjusting their step cycle duration, and in particular the
duration of the extensor burst. The nature of this
relationship (Figs 5 and 6) is remarkably similar to that
previously reported for spinal and intact cats (Forssberg,
Grillner & Halbertsma, 1980; Halbertsma, 1983), and adult
humans (Grillner et al. 1979). Indeed, the parameters
estimated for the power function were very similar to those
reported for cats (Halbertsma 1983). No values were reported
for the coeflicients fitted to the human adults (Grillner et al.
1979), so a comparison cannot be made.

The dependence of the step cycle duration on treadmill
speed was seen in very young infants (see, for example,
Fig.5). This is contrary to other reports indicating the
response to treadmill speed is not seen in the ‘first few
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months’ of life (Ulrich, Jensen & Thelen, 1991). Our data
suggest that the way in which infants respond to changes in
treadmill speed is remarkably similar to the adult.

Airstepping

Airstepping could occasionally be elicited, but, in general,
the number of cycles that could be obtained at any one time
was limited. Interlimb co-ordination during airstepping was
sometimes alternating (as in treadmill walking), sometimes
synchronous, and sometimes in one limb only. Weaker and
more variable coupling between the limbs during airstepping
has been reported for young kittens (Bradley & Smith,
1988). The step cycle duration in airstepping was short, close
to that seen at the fastest speeds on the treadmill. These
differences are consistent with the idea that the amount of
load on the limb during the stance phase is positively
related to the duration of the extensor burst (Duysens &
Pearson, 1980; Conway et al. 1987; Pearson & Collins, 1993;
Hiebert, Gorassini, Jiang, Prochazka & Pearson, 1994;
Guertin et al. 1995; Whelan et al. 1995).

Summary

In summary, the gross EMG pattern from infant walking
shows many of the characteristics of adult walking. Sensory
input can clearly modify the stepping rhythm as seen with
different treadmill speeds and ground contact conditions.
Changes in the stepping rhythm are mostly a result of
changes in the extensor burst duration. The results suggest
that the circuitry generating the alternate stepping
movements is well developed at birth. Much remains to be
studied, however, before a definitive statement regarding
the state of maturity of the stepping pattern can be made.
Minimal daily practice greatly enhances the incidence of
stepping recorded from the laboratory, and will be important
for future studies on the reflex control of stepping in the
infant.
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