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Adults can easily learn and access multiple versions of the same motor skill adapted for different conditions (e.g., walking in

water, sand, snow). Following even a single session of adaptation, adults exhibit clear day-to-day retention and faster

re-learning of the adapted pattern. Here, we studied the retention and re-learning of an adapted walking pattern in children

aged 6–17 yr. We found that all children, regardless of age, showed adult-like patterns of retention of the adapted walking

pattern. In contrast, children under 12 yr of age did not re-learn faster on the next day after washout had occurred—they

behaved as if they had never adapted their walking before. Re-learning could be improved in younger children when the

adaptation time on day 1 was increased to allow more practice at the plateau of the adapted pattern, but never to adult-like

levels. These results show that the ability to store a separate, adapted version of the same general motor pattern does not

fully develop until adolescence, and furthermore, that the mechanisms underlying the retention and rapid re-learning of

adapted motor patterns are distinct.

Learning new motor skills is an ongoing task during childhood.
Not only must children learn fundamental motor skills, such as
walking, they must learn to adapt these skills in response to
changes in the environment (e.g., an icy walking surface) and
changes within themselves (e.g., walking with a sprained ankle).
This type of learning, whereby an established motor pattern is
modified in response to a predictable perturbation to the move-
ment, is called motor adaptation (Martin et al. 1996). Motor adap-
tation is driven by errors in the movement and requires an intact
cerebellum (Morton and Bastian 2006).

Adapted motor patterns can be stored and recalled, enabling
previous experience to facilitate faster re-learning (Medina et al.
2001; Huang et al. 2011; Malone et al. 2011). Healthy adults
show smaller movement errors and faster adaptation when pre-
sented with a familiar perturbation (called “retention”) (Joiner
and Smith 2008; Malone et al. 2011). Furthermore, adults show
this faster re-learning even if the adapted pattern has been
“washed-out” or unlearned, demonstrating memory of a different
version of the same motor skill (Huang et al. 2011; Malone et al.
2011). This faster re-learning is important not only for successful
movement in everyday life, but it can also facilitate motor learn-
ing in rehabilitation (Reisman et al. 2013).

Compared with adults, children acquire adapted motor pat-
terns more slowly over a single training session, but can achieve
a similar magnitude of learning (Jansen-Osmann et al. 2002;
Konczak et al. 2003; Musselman et al. 2011; Vasudevan et al.
2011; Patrick et al. 2014). This difference likely reflects the imma-
turity of the nervous system, especially the cerebellum (Morton
and Bastian 2006; Vasudevan et al. 2011), which continues to
develop for at least the first decade of life (Caviness et al. 1996;
Saksena et al. 2008; Tiemeier et al. 2010). Do children and adults
also differ in the retention and re-learning of adapted motor pat-
terns? To study motor adaptation in children aged 6–17 yr, we
used a split-belt treadmill that has separate belts for each leg, al-
lowing one belt to move faster than the other (Musselman et al.
2011; Vasudevan et al. 2011). Split-belt walking creates temporal

and spatial asymmetries in one’s gait (Reisman et al. 2005), neces-
sitating adaptation of the gait pattern. More specifically, it creates
asymmetries in step length, spatial coordination (measured by the
point of oscillation of each leg, called the center of oscillation),
and temporal coordination (measured by the phasing between
the legs). We hypothesized that, like the acquisition of an adapted
motor pattern, the abilities to retain and re-learn would be atten-
uated in children compared with adults. Furthermore, we hypoth-
esized that retention and re-learning would emerge at the same
age since they are thought to involve the same neural structures
and mechanisms (Medina et al. 2001). Contrary to our expecta-
tions, we show that while children of all ages retained the adapted
gait pattern, children under age 12 were unable to utilize previous-
ly adapted gait patterns to facilitate rapid re-learning.

Results

We studied 71 healthy children aged 6–17 yr who were divided
into two groups (Retention and Re-learning), and each performed
two testing sessions spaced 24-h apart (Fig. 1). On day 1 both
groups began by walking with the treadmill belts moving at the
same speed (called “tied belts”) and then walked with the belts
split for 15 min. On day 2, the Retention group immediately
walked in the same split-belt condition experienced on day
1. This allowed us to assess the children’s ability to retain learning
over a 24-h period. On day 2, the Re-learning group first washed
out the adapted motor pattern by walking on tied belts for 15
min. This group then readapted to the same split-belt condition
experienced on day 1. This allowed us to assess the children’s abil-
ity to reaccess a previously learned motor skill after it had been
washed out. Two example participants from the 12 to 14-yr-old
age group are shown in Figure 1 for each group. Note that these
subjects showed minimal step length asymmetry during day 2
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split-belt walking. Importantly, the washout experienced by the
Re-learning participant did not eliminate the adapted pattern
learned on day 1.

All of the children completed the experiments on days 1 and
2. Data were excluded from four children for the following rea-
sons: (1) Child looked down at his/her feet despite being asked
not to and appeared to be consciously changing his/her walking
pattern, causing exaggerated and deliberate stepping (two chil-
dren, 9 and 17 yr old). Such conscious strategies are known to af-
fect split-belt adaptation (Malone and Bastian 2010). (2) Child’s
initial gait asymmetry on day 1 was approximately two times
greater than that of the other children (1 child, 12 yr old). (3)
Child’s aftereffect on day 2 did not wash out with tied-belt walk-
ing (1 child, 15 yr old). Of the remaining 67 children, all showed
adaptation in step length symmetry on day 1 (P , 0.05 for inde-
pendent t-test comparing step length symmetry values during ear-
ly [i.e., first 20 steps with belts split] and
late [i.e., last 20 steps with belts split] ad-
aptation for each child). Thus, learning
occurred and all 67 children (36 males)
were included in the analysis. Age group
(number of children) was as follows: 6–8
yr old (21), 9–11 yr old (15), 12–14 yr old
(16), 15–17 yr old (15).

Before comparing day-to-day pat-
terns of retention and re-learning, we
show that day 1 measures at baseline, ear-
ly adaptation (reflecting perturbation
size) and late adaptation (reflecting the
amount that was learned) were similar
across the experimental groups and age
groups. Table 1 shows the statistical re-
sults for step symmetry, the center of os-

cillation symmetry, and phase. This demonstrates that children of
all ages in both the Retention and Re-learning groups experienced
the same amount of error and achieved a similar adapted gait pat-
tern by the end of day 1. This was the case despite the fact that the
younger children tended to adapt at a slower rate than the older
children, consistent with our prior study (Vasudevan et al. 2011).

We then assessed whether, in the Re-learning group, children
in different age groups showed similar aftereffects and washout on
day 2. This was only done for the Re-learning group since the
Retention group did not undergo washout. Children in all age
groups showed similar step symmetry aftereffects during early
washout (F ¼ 1.85, P ¼ 0.16, Fig. 2). This was also true for the
center of oscillation symmetry (F ¼ 1.77, P ¼ 0.18) and phasing
(F ¼ 1.82, P ¼ 0.17). Children in all age groups showed similar
washout of step symmetry after 15 min of tied-belt walking
(Fig. 2C; open dots on right plots Fig. 3B). There were no differenc-
es in the symmetry values of the last 20 steps of the washout peri-
od across ages for step length (F ¼ 0.23, P ¼ 0.87), center of
oscillation (F ¼ 1.54, P ¼ 0.23), or phasing (F ¼ 0.72, P ¼ 0.55).

Step length symmetry retention and re-learning
All children in the Retention group showed a smaller initial per-
turbation in step length during the early adaptation period on
day 2 (compare orange and blue adaptation traces in Fig. 3A).
This finding was seen across all age groups in the Retention group,
suggesting that children as young as 6 yr of age show retention of
an adapted gait pattern. In contrast, not all children in the Re-
learning group showed a smaller initial perturbation on day 2
compared with day 1 (see Fig. 3B). The orange and blue adaptation
traces overlap for the 6–8 and 9–11 yr olds, suggesting no rapid re-
learning of the adapted gait pattern on day 2. Only the 12–14 and
15–17 yr olds show rapid re-learning after washout on day 2 (i.e.,
less initial perturbation on day 2).

Early adaptation difference for each age and experiment
group is shown in Fig. 3C,D. A two-way ANOVA (age group × ex-
perimental group) showed significant main effects of experimen-
tal group (F ¼ 51.46, P , 0.001) and age (F ¼ 5.23, P ¼ 0.003).
This suggests that the motor memory remaining on day 2 was
greater for the Retention group, and greater in older children, re-
spectively. The interaction (age group × experimental group) was
also statistically significant (F ¼ 3.45, P ¼ 0.023). Within the
Re-learning group, post hoc comparisons revealed significant dif-
ferences (P ≤ 0.0016) in early adaptation difference between the
15–17 yr olds and the two younger age ranges (see Fig. 3D).

We used Pearson’s correlation to understand if these relation-
ships held when looking across individual subjects in the
Retention and Re-learning group. Figure 4A shows that, in the
Retention group, the early adaptation difference from day 1 to

Figure 1. Schematic of paradigm and results from example subjects in
the 12- to 14-yr-old age group for (A). The Retention group and (B). The
Re-learning group. Step symmetry is plotted for consecutive strides. Note
that day 2 performance is improved in these adolescents, regardless of
whether learning had been washed out or not.

Table 1. Day 1 statistics

Step symmetry Center of oscillation Phase

Baseline
Group: F ¼ 0.01, P ¼ 0.90 Group: F ¼ 1.47, P ¼ 0.23 Group: F ¼ 1.83, P ¼ 0.18
Age: F ¼ 0.26, P ¼ 0.85 Age: F ¼ 1.40, P ¼ 0.25 Age: F ¼ 1.69, P ¼ 0.18
Interaction: F ¼ 0.08, P ¼ 0.97 Interaction: F ¼ 0.32, P ¼ 0.81 Interaction: F ¼ 0.35, P ¼ 0.79

Early adapt (perturbation)

Group: F ¼ 0.16, P ¼ 0.69 Group: F ¼ 0.00, P ¼ 0.96 Group: F ¼ 0.39, P ¼ 0.53
Age: F ¼ 0.44, P ¼ 0.72 Age: F ¼ 0.36, P ¼ 0.78 Age: F ¼ 0.07, P ¼ 0.98
Interaction: F ¼ 0.42, P ¼ 0.74 Interaction: F ¼ 0.78, P ¼ 0.51 Interaction: F ¼ 0.50, P ¼ 0.68

Late Adapt

Group: F ¼ 1.13, P ¼ 0.29 Group: F ¼ 0.02, P ¼ 0.88 Group: F ¼ 0.18, P ¼ 0.67
Age: F ¼ 1.90, P ¼ 0.14 Age: F ¼ 0.85, P ¼ 0.47 Age: F ¼ 0.24, P ¼ 0.87
Interaction: F ¼ 0.59, P ¼ 0.62 Interaction: F ¼ 0.61, P ¼ 0.61 Interaction: F ¼ 0.22, P ¼ 0.88
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day 2 was not correlated with age (r ¼ 0.08, P ¼ 0.65). In contrast,
Figure 4B shows that there was a moderately strong correlation be-
tween age and the amount of change from day 1 to day 2 in the
Re-learning group (r ¼ 0.62, P , 0.001). Younger children were
unable to benefit from learning the prior day. This was not simply
due to the fact that younger children had more variable baseline
walking patterns. Stepwise regression was used to determine
whether age and variance of baseline step length symmetry con-
tributed to predicting the early adaptation difference from day 1
to day 2. Age was the only regressor that was included in the mod-
el (R2¼ 0.37, F ¼ 16.45, P , 0.001)—the variance term did not
add to the prediction, nor did it predict the result as well as age.

Adaptation of center of oscillation and phasing across days
The center of oscillation represents a spatial parameter that con-
tributes to changes in step symmetry during learning. Figure 5A
shows that children in the Retention group showed a smaller ini-
tial perturbation in center of oscillation during the early adapta-
tion period on day 2, though this effect was reduced for the 6–8
yr olds. Like step length symmetry, the younger children in the
Re-learning group (i.e., ages 6–11 yr) did not show rapid re-learn-
ing of the adapted gait pattern on day 2 (orange and blue traces
overlap in the top two plots in Fig. 5B), whereas the oldest two
age groups (12–14 and 15–17 yr old) did.

A two-way ANOVA (age group × experimental group) was
run on the early adaptation difference data for the center of oscil-
lation. A significant main effect was found for experimental group
(F ¼ 5.27, P ¼ 0.026). The main effect of age and the interaction
were not significant (F ¼ 0.36, P ¼ 0.79 and F ¼ 1.43, P ¼ 0.25, re-
spectively). Thus, with respect to center of oscillation, the motor

memory of the adapted gait remained on day 2 for the Retention
group, but not the Re-learning group.

Children of all ages showed retention in phasing, which is a
measure in the temporal domain (Fig. 6A). No rapid re-learning of
the adapted gait pattern on day 2 was seen in the children aged 6–
8 yr (Fig. 6B). In contrast to the results for step length and center of
oscillation, the 9–11 yr olds did show rapid re-learning in phasing
that was comparable with the older age groups.

When the early adaptation difference for phasing was com-
pared across age groups and experimental groups (Fig. 6C,D;
2-way ANOVA), significant main effects were found for experi-
mental group (F ¼ 21.54, P , 0.001), but the main effect of age
and the interaction were not significant (F ¼ 0.41, P ¼ 0.75 and
F ¼ 1.63, P ¼ 0.19, respectively).

Effects of extended training on day 1 in 6–8 year olds
Since children ,12 yr old in the Re-learning group did not show
faster re-learning on day 2, we wondered whether increasing the
exposure to split-belt walking on day 1 would facilitate faster re-
learning on day 2. To assess this, an additional group of children
aged 6–8 yr were tested (called “Extended” group). Seven children
(3 males) aged 6–8 yr participated in extended training on day 1
(i.e., 30 min of split-belt walking). Their data were compared
with that of the 6–8 yr old Re-learning group (n ¼ 7, 4 males).
There were no differences in day 1 baseline behavior between
the two groups (baseline symmetry compared for step length
(P ¼ 0.18), center of oscillation (P ¼ 0.22), phase (P ¼ 0.82)).
Likewise, there were also no differences in day 1 adaptation behav-
ior between the Re-learning and Extended groups. The size of the
initial perturbation (i.e., early adaptation) was the same for
step length symmetry (P ¼ 0.32), center of oscillation symmetry
(P ¼ 0.75) and phasing (P ¼ 0.27). The late adaptation period,
which reflects the level of symmetry where adaptation plateaued,
also did not differ between the two groups (step length symmetry
(P ¼ 0.86), center of oscillation symmetry (P ¼ 0.91), phase (P ¼
0.91)). On day 2, the children in the Re-learning and Extended
groups showed a similar aftereffect in step length symmetry,
center of oscillation symmetry, and phasing during tied-belt
walking (P ¼ 0.81 for step length, P ¼ 0.35 for center of oscilla-
tion, P ¼ 0.64 for phase). They also washed out the aftereffect,
or learning, to a similar extent on day 2. There were no differences
in the symmetry values of the last 20 steps of the washout period
(P ¼ 0.26 for step length, P ¼ 0.22 for center of oscillation, P ¼
0.08 for phase).

Since the two groups were similar in baseline, adaptation and
washout behavior, any differences seen in the re-learning on day 2
can be attributed to the extended training on day 1. On day 2 the
extended group showed more rapid re-learning of step length and
center of oscillation symmetry, but not phasing, compared with
day 1 (step length symmetry data in Fig. 7). The early adaptation
difference was compared across the three groups of 6–8 yr olds
(i.e., Retention, Re-learning, and Extended). For step length sym-
metry, the difference in perturbation across days differed signifi-
cantly across groups (F ¼ 20.7, P , 0.0001, one-way ANOVA).
Post hoc analyses showed the early adaptation difference to be sig-
nificantly greater (indicating greater retention/re-learning) in the
Retention and Extended groups relative to the Re-learning group
(P , 0.05). For center of oscillation symmetry, the results were
similar to those for step length symmetry, however, there were
no significant differences in early adaptation difference between
the three groups (F ¼ 1.34, P ¼ 0.29, one-way ANOVA). Significant
differences in early adaptation difference were seen for phasing
(F ¼ 12.5, P , 0.001, one-way ANOVA). For this parameter, early
adaptation difference was significantly greater in the Retention
group, while the Re-learning and Extended groups were similar.

Figure 2. (A) Step symmetry (SS) for the first 390 strides during the
washout for the Re-learning group on day 2. (B) Mean step symmetry
for early washout (first 20 strides). There were no significant differences
in early washout, though the 6- to 8-yr-old group showed a slightly
larger aftereffect. (C) Mean step symmetry for late washout (last 20
strides). There were no significant differences in late washout.
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Discussion

Children are thought to have superior learning abilities compared
with adults across many domains, including the acquisition of
motor skills. Surprisingly, this study shows that the critical ability
to store a separate adapted version of the same general motor pat-
tern for use during re-learning does not fully develop until adoles-
cence. Instead, the memory of a recently adapted motor state is
reversible in children up to around 12 yr of age. This was not
due to a deficit in retaining motor memories since children as
young as 6 yr of age could retain an adapted pattern from one
day to the next as long as no washout occurred. This suggests
that the children erase the motor memory during washout,
whereas adolescents may switch to a different stored pattern,
and then switch back when needed (Kitago et al. 2013). This result
is consistent with the observation that children have difficulty
switching between motor patterns for varying demands of a given
task (Forssberg et al. 1995; Dominici et al. 2010). The findings also
suggest that the mechanisms underlying the retention and rapid
re-learning of adapted motor patterns must be distinct. Lastly,
we found that increasing the duration of training, or exposure

to split-belt walking, on day 1 could par-
tially improve re-learning of spatial pa-
rameters on day 2. This suggests that
reinforcement of the adapted motor pat-
tern is one ingredient for improving
re-learning.

Learning rates and re-learning
The rate of motor adaptation in children
differs notably from that seen in adults
for both reaching (Jansen-Osmann et al.
2002; Konczak et al. 2003) and walking
adaptation (Musselman et al. 2011;
Vasudevan et al. 2011). Adaptation in
children tends to be slower and its
time course more linear compared with
adults. In the case of split-belt treadmill
walking, this is especially true for the spa-
tial parameters (Musselman et al. 2011;
Vasudevan et al. 2011). Not only do chil-
dren adapt more slowly than adults,
they are also missing the initial, fast ad-
aptation seen in adults (Musselman
et al. 2011; Vasudevan et al. 2011).
Motor adaptation is believed to consist
of two learning states: (1) a fast process
that very quickly reduces motor error,
but contributes little to retention of the
adapted state, and (2) a slow process
that is slower to respond to the move-
ment error, but can show retention of
the adapted pattern upon subsequent ex-
posures (Smith et al. 2006). The slow pro-
cess has been hypothesized to explain
improved re-learning when it is not
completely washed out (Smith et al.
2006). However, the two-state adapta-
tion model cannot explain savings after
a prolonged washout (Zarahn et al.
2008), as we included in our re-learning
experiments here.

We have recently explored the fac-
tors that drive the nervous system’s abil-
ity to accelerate re-learning in adult
walking (Roemmich and Bastian 2015).

Our work shows that faster re-learning is not due to a single fac-
tor—it depends on repetition of the newly learned walking

Figure 3. (A) Retention group: step symmetry (SS) across 600 strides of the split-belt conditions on
day 1 (orange) and day 2 (blue) overlaid. Solid lines with shaded area are mean+SE. Closed
symbols show final (last 20 strides) of step symmetry for day 1 learning. (B) Re-learning group data
plotted as in A. Open symbols show step symmetry prior to re-learning (last 20 strides of washout).
Note that the curves overlap for the two youngest groups, indicating no improvement in re-learning.
(C) Difference across days (day 2—day 1) in step symmetry during early adaptation (first 20 strides
of split-belt walking) for the Retention group. (D) Difference in step symmetry for the Re-learning
group plotted as in C. The two youngest age groups were significantly different from the oldest age
group (see main text).

Figure 4. Scatter plot showing relationship between age and difference
across days (day 2—day 1) in step symmetry during early adaptation (first
20 strides of split-belt walking) for (A) Retention group and (B) Re-learning
group. Age groups coded by color. Lines of best fit included on plots.
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pattern in the adapted state (i.e., prolonged adaptation) and the
ability to explicitly identify and recall the initial perturbation.
Both of these factors improve re-learning and they are additive.
When one factor is present without the other, re-learning is
only partially improved. These findings demonstrated that at least
two distinct neural mechanisms—one that identifies and recalls
the learning environment and one that stores and recalls learned
walking patterns—contribute to accelerate re-learning. We think
that the absence of savings observed in the younger children
might be explained by the underdevelopment of one or both of
these mechanisms.

We provided further insight into these mechanisms in our
second experiment, which showed that young children are able
to partially save the learned walking pattern after prolonged prac-
tice during initial learning. This finding fits within the framework
we put forth to explain savings in adults, and with other ideas
about savings of motor learning. For example, other investigators
refer to this type of approach as “over-learning” and found that it
is related to long-term memory of adapted movements (Joiner and
Smith 2008) and operant reinforcement (Huang et al. 2011). We
therefore think that children even as young as 6 yr old can store
and recall learned walking patterns after an extended learning pe-

riod, but savings remains impaired
because they likely lack the ability to
identify and recall the perturbation.

It is notable that the effect of ex-
tended training was different for the tem-
poral measure of phasing. Extended
training on day 1 did not facilitate faster
re-learning of phasing on day 2. Previous
work has also found a dissociation be-
tween the spatial and temporal compo-
nents of split-belt walking adaptation in
adults (Malone et al. 2012) and children
(Musselman et al. 2011; Vasudevan
et al. 2011; Patrick et al. 2014), suggest-
ing different neural substrates and/or
processes for spatial and temporal adap-
tation. Clearly the process responsible
for spatial adaptation is responsive to
over-training whereas the process for
temporal adaptation is not.

Could variable stepping behavior

affect retention and re-learning?
Children, especially young ones, show
greater variability in their motor perfor-
mance compared with adults (Adolph
et al. 2015). It is possible that variability
in motor behavior could affect learning,
retention and re-learning by disrupting
the internalization of the motor memo-
ry. However, our results indicate that
age is the better predictor of re-learning
than variability in the motor pattern.
This is consistent with previous work
from our group (Vasudevan et al. 2011)
and others (Takahashi et al. 2003), which
showed that increased movement vari-
ability did not limit motor adaptation
(i.e., learning). Furthermore, in adults in-
creased motor variability during baseline
was found to facilitate same-day learning
during reaching adaptation (Wu et al.
2014). Our present findings suggest that

variability does not interfere with the internalization of motor
memory as all children, regardless of age, showed similar reten-
tion of the learned motor behavior on day 2. Thus, we think it un-
likely that the variable stepping behavior seen in younger children
explains the differences in re-learning across ages.

Protracted brain development may explain attenuated

re-learning in young children
Children younger than 12 yr of age did not show rapid re-learning
when exposed to split-belt walking a second time. This is in con-
trast to the faster rate of re-learning seen in the adolescents in this
study, and in healthy adults (Malone et al. 2011). Structural mat-
uration of the sensorimotor nervous system is ongoing for at least
the first decade of life (Caviness et al. 1996; Giedd et al. 1999;
Gogtay et al. 2004; Østby et al. 2009; Tiemeirer et al. 2010), and
this immaturity likely underlies the differences in motor adapta-
tion across ages seen in this study and in others (Vasudevan
et al. 2011; Patrick et al. 2014).

Several brain regions may play a role in faster re-learning of
adapted motor patterns. The cerebellum has been implicated in
behavioral (Morton and Bastian 2006) and in vivo animal studies

Figure 5. (A) Retention group: symmetry in center of oscillation (CO) across 600 strides of the split-
belt conditions on day 1 (orange) and day 2 (blue) overlaid. Solid lines with shaded area are mean+SE.
Closed symbols show final (last 20 strides) center of oscillation symmetry for day 1 learning. (B) Re-
learning group data plotted as in A. Open symbols show center of oscillation symmetry prior to re-learn-
ing (last 20 strides of washout). (C) Difference across days (day 2—day 1) in center of oscillation sym-
metry during early adaptation (first 20 strides of split-belt walking) for the Retention group. (D)
Difference in symmetry for the Re-learning group plotted as in C.
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(Medina et al. 2001). Studies of Pavlovian
eyeblink conditioning with extinction
training in rabbits have shed light on
the importance of cerebellar structures
for rapid re-learning, also known as sav-
ings (Medina et al. 2001). Acquisition of
the conditioned response (i.e., eye blink)
is associated with plasticity in the cere-
bellar cortex and the interpositus nucle-
us; however, only the plasticity in the
nucleus persists following extinction
training, suggesting it is an important
site of savings (Medina et al. 2001). In
children, the neural structures and/or
functionality required for rapid re-learn-
ing, which may include the deep cerebel-
lar nuclei and their connections with the
cerebellar cortex, are likely not online
until the second decade of life. This time-
line corresponds with the protracted
maturation of the cerebellum—whole
cerebellar volume does not peak until
the early teenage years (Caviness et al.
1996; Tiemeier et al. 2010). Likewise,
the caudate, putamen and pallidum all

show protracted development during
childhood (Østby et al. 2009), and there
is evidence that the basal ganglia plays
a role in motor adaptation and the for-
mation of longer-term motor memories
(Marinelli et al. 2009; Bédard and Sanes
2011). In individuals with Parkinson’s
disease, re-learning (savings) of an up-
per extremity movement is attenuated
(Marinelli et al. 2009; Bédard and Sanes
2011), similar to the young children in
this study. However, savings of split-belt
walking was recently found to be intact
in Parkinson’s disease (Roemmich et al.
2014). New studies are needed to under-
stand which brain networks are most
important for development of mature
re-learning patterns.

Clinical implications
The results of this study may have clini-
cal implications. In general, the younger
a child is when a brain injury is experi-
enced, the greater the recovery of mobil-
ity (Fritz et al. 2011). The reason for this
is unclear, though it is often attributed
to heightened “plasticity” during devel-
opment. While our data represent only
one type of motor learning, it is interest-
ing that children learn slower and do not
readily benefit when re-learning the
same pattern again the next day. Thus,
children may require more practice
than adults to change their motor pat-
tern, but may have the capacity to im-
prove to a greater extent in the long
run. Future work should also investigate
how activity between learning sessions

Figure 6. (A) Retention group: phasing across 600 strides of the split-belt conditions on day 1
(orange) and day 2 (blue) overlaid. Solid lines with shaded area are mean+SE. Closed symbols
show final (last 20 strides) phasing for day 1 learning. (B) Re-learning group data plotted as in A.
Open symbols show phasing prior to re-learning (last 20 strides of washout). (C) Difference across
days (day 2—day 1) in phasing during early adaptation (first 20 strides of split-belt walking) for the
Retention group. (D) Difference in symmetry for the Re-learning group plotted as in C.

Figure 7. (A) Extended group: step symmetry (SS) across 1524 and 759 strides of the split-belt con-
ditions on day 1 (orange) and day 2 (blue), respectively, overlaid. Solid lines with shaded area are
mean+SE. Closed symbol shows final (last 20 strides) of symmetry for day 1 learning. Open symbol
shows symmetry prior to re-learning on day 2 (last 20 strides of washout). (B) Difference across days
(day 2—day 1) in step symmetry during early adaptation (first 20 strides of split-belt walking) for the
Extended group.
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influences retention and re-learning in children of various ages, as
we did not control what the children were allowed to do between
sessions in the current study.

Conclusions
Preadolescent children show clear differences in the ability to re-
tain and re-learn adapted motor patterns. All children, regardless
of age, showed retention of the adapted walking pattern; thus,
they can form context specific memories. In contrast, children
,12 yr of age did not show rapid re-learning when exposed to
split-belt walking the second time. Even when given an extended
period of training (i.e., reinforcement of the adapted walking pat-
tern), young children still showed attenuated re-learning, or sav-
ings. We speculate that these young children might form a
general-purpose motor memory that is not yet customized for dif-
ferent situations. These findings may correspond with differing
rates of development of specific brain regions.

Materials and Methods

Participants
Healthy children aged 6–17 yr were recruited through flyers post-
ed in the community and listservs of local parent and university
groups. The medical history and medications of all potential par-
ticipants were screened to confirm a healthy status. Ethics approv-
al was granted by the Johns Hopkins Institutional Review Board.

Experimental protocol
To study motor adaptation, children walked on a custom-built
split-belt treadmill (Woodway USA, Inc.), which has two belts,
one for each leg. The experiment involved two walking condi-
tions: (1) “tied-belt” walking, where the 2 belts move at the
same speed, and (2) “split-belt” walking, where one belt (called
the fast belt, randomly assigned) was made to move twice as fast
as the other belt (called the slow belt). Belt speed (in meter per sec-
ond) during tied-belt walking was equal to the child’s leg length
(in meters), measured from the greater trochanter to lateral mal-
leolus. During split-belt walking, the slow belt speed was equal
to the speed used during tied-belt walking. Belt speeds were con-
trolled through a custom-made MATLAB computer interface
(Mathworks). When walking on the treadmill, children wore a
safety harness that did not support their weight and they held
onto a handrail placed at chest height. Participants watched a
movie while walking and were asked to avoid looking at their feet.

Children attended two testing sessions spaced 24 h apart.
Children experienced the same experimental protocol on day 1
(Fig. 1). First, the baseline period, which consisted of 2 min of tied-
belt walking, followed by a short (10-sec) exposure to split-belt
walking, and finally an additional minute of tied-belt walking.
The 10-sec exposure was done to remove the “surprise” element
that often increases the initial asymmetries seen with split-belt
walking (Malone et al. 2011). The baseline period was followed
by 15 min of split-belt walking. Short breaks were given after
5 and 10 min of split-belt walking, however, children could take
breaks whenever needed. The children remained on the treadmill
during breaks, either standing or sitting on a bench.

Prior to the second testing session, children were randomly
allocated into either the “Retention” or “Re-learning” group
(blocked randomization by age with a block size of 2). The
Retention group performed 15 min of split-belt walking on day
2, as per day 1 (Fig. 1). On day 2 children in the Re-learning group
first walked for 15 min with the belts tied (“Washout”, same belt
speed as per day 1), followed by 15 min of split-belt walking as
per day 1.

As detailed under Results, we found that children ,12 yr old
in the Re-learning group did not show faster re-learning on day
2. To determine whether increasing the exposure to the split-belt
treadmill on day 1 would facilitate faster re-learning on day 2, an
additional group of children aged 6–8 yr were tested (called

“Extended” group). This age group was chosen because it was
the youngest age group in this study. The Extended group experi-
enced the same experimental protocol as the Re-learning group,
with the following exceptions:

1. The duration of split-belt walking on day 1 was increased to 30
min.

2. The duration of washout (i.e., tied-belt walking) on day 2 was
increased to 20 min to ensure that the learning from day 1
was completely unlearned.

Data collection and analysis
Kinematic data were collected at 100 Hz with the Optotrak system
(Northern Digital, Inc.). Infrared-emitting markers were placed on
the fifth metatarsal, lateral malleolus, lateral knee joint, greater
trochanter, iliac crest, and acromion process bilaterally.
Treadmill belt speeds, represented as voltages, were recorded
directly from treadmill motor output at 1000 Hz, and were syn-
chronized and sampled with the Optotrak data (i.e., marker posi-
tion) using Optotrak software. Data were processed using
custom-made programs (Matlab, Mathworks) to calculate mea-
sures of interest.

As per previous split-belt studies, the primary measure of in-
terest was step length symmetry, which is the normalized differ-
ence between the step lengths of the two legs (Fig. 1B; Malone
and Bastian 2010; Vasudevan et al. 2011). For simplicity, the
legs walking on fast and slow belts are referred to as fast and
slow legs, respectively. Step length (SL) symmetry was calculated
as follows:

SL symmetry = SLfast − SLslow

SLfast + SLslow
.

A symmetry value of 0 indicates equal step lengths. A negative val-
ue suggests that the slow SL was greater than the fast SL, and vice
versa for a positive value of symmetry.

Changes in SL symmetry can result from changes in the spa-
tial and/or temporal coordination of the legs (Malone and Bastian
2010). Therefore, we also looked at measures of spatial and tempo-
ral coordination. Our measure of spatial coordination was the cen-
ter of oscillation (CO), which is the average limb angle recorded
during a stride. Limb angle is the angle between the vertical and
a line connecting the markers on the hip (greater trochanter)
and ankle (lateral malleolus) in the sagittal plane. The center of os-
cillation indicates whether the leg is oscillating around a flexed
(i.e., positive value), extended (i.e., negative value), or neutral
(i.e., equals 0) axis. CO symmetry was calculated as follows:
CO ¼ COfast2COslow

Our measure of temporal coordination was phasing of the
legs. Phasing was calculated as the peak lag (as a percentage of
the step cycle) of a cross-correlation function for limb angles of
the two legs (slow leg was the reference leg) (Choi and Bastian
2007). Values of phasing range from 0 to 1, with a value of 0.5 in-
dicating symmetry (i.e., the out-of-phase or alternate coordina-
tion typically seen in walking).

SL symmetry, CO symmetry, and phasing were calculated for
every stride during tied- and split-belt walking on both days. As
some children walk with asymmetric gaits under tied-belt condi-
tions (Musselman et al. 2011), the values were normalized to each
child’s baseline asymmetry to facilitate the comparison of aver-
aged data across groups. To normalize, the mean baseline symme-
try values for SL, CO, and phasing were calculated from the entire
tied-belt walking period on day 1, and were then subtracted from
the corresponding values calculated for each stride during tied-
and split-belt walking on days 1 and 2.

We focused on two time periods during split-belt walking: (1)
early adaptation (first 20 steps of split-belt walking), which reflects
the initial asymmetry or error in spatial and temporal gait param-
eters, and (2) late adaptation (last 20 steps of split-belt walking),
which reflects the symmetry value at which the adapted gait
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pattern plateaus. Mean values for the early and late adaptation pe-
riods were calculated for SL symmetry, CO symmetry and phasing
on days 1 and 2 for each subject.

Statistics
Participants were divided according to experimental protocol
(i.e., Retention, Re-learning, or Extended) and then further divid-
ed into four age groupings: 6–8 yr old, 9–11 yr old, 12–14 yr old,
and 15–17 yr old. To ensure that the adapted gait pattern was ac-
quired by each child on day 1, a one-tailed independent t-test
comparing phasing during early and late adaptation was done
for each child. If the values for step length symmetry were signifi-
cantly less during the late adaptation period, then adaptation oc-
curred. The child’s data were retained for further analysis as long
as adaptation was present in step length symmetry.

To assess whether baseline walking (i.e., tied-belt walking on
day 1) and adaptation behavior on day 1 (i.e., mean symmetry
during early and late adaptation periods) were similar between
Retention and Re-learning groups as well as across age groups, a
two-way ANOVA (age group × experimental group) was run for
each of SL symmetry, CO symmetry and phasing at the three
time points of interest (baseline walking, early adaptation, late ad-
aptation). This comparison was also performed for the 6 to
8-yr-old Re-learning and Extended groups. Two-sample, indepen-
dent t-tests were used to compare baseline SL symmetry, CO sym-
metry, and phasing between these two groups.

The Re-learning group was washed out on day 2 (i.e., they
walked for 15 min with the belts tied prior to readaptation to split-
belt walking), and we assessed how similar the washout periods
were across age groups. First, by looking at the size of the afteref-
fect (i.e., the first 20 steps of the washout period), we could gauge
how much of the adapted pattern was still stored on day 2. A one-
way ANOVA was run on the aftereffect size across age groups for
each of SL symmetry, CO symmetry, and phasing. Second, to as-
sess whether all age groups were washed out to a similar extent,
we compared the last 20 steps of the washout period (i.e., washout
plateau) across age groupings with one-way ANOVA. Likewise, the
washout period was compared between the 6 to 8-old Re-learning
and Extended groups. Two-sample, independent t-tests were used
to compare these two groups with respect to aftereffect size and
washout plateau.

To assess the magnitude of retention or re-learning of the
adapted walking pattern we compared the size of the asymmetries
during early adaptation on day 1 and day 2. For each child, the
mean change in initial asymmetry across days was calculated by
subtracting the mean asymmetry of day 1 from that of day 2 for
each of SL symmetry, CO symmetry, and phasing. The mean dif-
ferences, referred to as the early adaptation difference, for all par-
ticipants in the Retention and Re-learning groups were compared
using a two-way ANOVA (age group × experimental group).
Pearson’s correlation coefficient (r) was used to further examine
the relationship between age and the early adaptation difference
for the Retention and Re-learning groups. Additionally, stepwise
regression was used to check if age or baseline variability was a bet-
ter predictor of early adaptation difference in the Re-learning
group. This was done to rule out the possibility that the variability
of the walking pattern in the younger children had more of an ef-
fect on the Re-learning findings than age.

To determine whether extended training on day 1 affected
the magnitude of retention or re-learning on day 2, the early ad-
aptation difference for the 6 to 8-old Retention, Re-learning,
and Extended groups were compared with a one-way ANOVA.
All statistical tests were performed with Matlab (Mathworks) and
the level of significance was set at 0.05. The Bonferroni correction
was used for post hoc analyses. The assumption of normality was
confirmed using the Shapiro–Wilk test.
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