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A B S T R A C T

Background: Previous studies have shown that the extent to which learning with one limb transfers to the op-
posite, untrained limb (i.e., interlimb transfer) is proportional to the amount of prior learning (or skill acqui-
sition) that has occurred in the training limb. Thus, it is likely that distributed practice—a training strategy that
is known to facilitate learning—will result in greater interlimb transfer than massed practice.
Research question: To evaluate the effects of massed and distributed practice on acquisition and interlimb
transfer of leg motor skills during walking.
Methods: Forty-five subjects learned a new gait pattern that required greater hip and knee flexion during the
swing phase of gait. The new gait pattern was displayed as a foot trajectory in the sagittal plane and participants
attempted to match their foot trajectory to this template. Subjects in the massed practice group (n=20) learned
the task on a single day, whereas subjects in the distributed practice group (n=25) learned the task that was
spaced over two consecutive days (training phase). Following completion of training, subjects in both groups
practiced the task with their untrained, opposite leg to evaluate interlimb transfer (transfer phase).
Results: Results indicated that the amount of skill acquisition (i.e., reductions in tracking error) on the training
leg was significantly higher (P < 0.05) in the distributed practice group when compared with the massed
practice group. Similarly, the amount of interlimb transfer was also significantly higher (P < 0.05) in the
distributed practice group both at the beginning and end of the transfer phase.
Significance: The findings indicate that acquisition and interlimb transfer of leg motor skills are significantly
greater when the task was learned using distributed practice, which may have implications for gait rehabilitation
in individuals with unilateral deficits, such as stroke.

1. Introduction

Interlimb transfer is the process in which training of one limb
confers a benefit in performance to the opposite, untrained limb [1,2].
This ability of the neuromotor system to transfer the knowledge gained
from training with one limb to the other limb is a key aspect of motor
recovery in individuals with significant unilateral deficits, such as
stroke or hemiparetic cerebral palsy [3,4]. Thus, understanding the
processes that lead to stronger interlimb transfer may have therapeutic
implications, as it can assist in the development of new treatment ap-
proaches.

Previous studies have shown that various factors (e.g., type of task,
spatial reference frame, duration of training, ageing, etc.) affect the

extent to which learning with one limb transfers to the opposite limb
[5–9]. One such factor is the amount of learning (or skill acquisition)
that has occurred with the training limb prior to testing on the opposite
limb. It has been shown that the amount of interlimb transfer is pro-
portional to the acquisition of skill in the training leg, such that inter-
limb transfer is greater with greater skill acquisition in the training leg
[10]. Thus, it seems intuitive that training strategies that promote
greater acquisition and retention will also produce greater interlimb
transfer. For example, it is well known that distributed practice (i.e., a
training strategy, where practice sessions are spaced over time) is su-
perior to massed practice for acquisition and learning of novel motor
tasks [11,12]. Hence, it is likely that the extent of interlimb transfer will
be greater with distributed practice as opposed to massed practice.
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However, this premise has not been verified experimentally to date.
Here, we used a novel motor learning task that has been previously

used in gait rehabilitation to study the effects of massed and distributed
practice on skill acquisition and interlimb transfer of new gait patterns
during treadmill walking. We hypothesized that skill acquisition and
interlimb transfer will be significantly greater with distributed practice
than with massed practice.

2. Methods

2.1. Participants

Participants included 45 adults (Age: 22.3 ± 5.7 years; Height:
1.75 ± 0.08m; Weight: 68.7 ± 11.6 kg; Females: 20; Males: 25) with
no history of major orthopedic or neurological conditions. All partici-
pants were right leg dominant based on their preferred leg to kick a ball
[10,13,14]. All participants signed a written informed consent docu-
ment that was approved by the University of Michigan Institutional
Review Board prior to participation.

2.2. Experimental protocol

A schematic of the experimental procedure is provided in Fig. 1.
Subjects in the massed practice group (n= 20) performed the motor
learning task in a single day, whereas the subjects in the distributed
practice group (n= 25) performed the same task over two consecutive
days that were separated by about 24 h. In both groups, about half of
the participants performed the task with their right leg and half with
their left leg (massed practice: 10 right leg and 10 left leg; distributed
practice: 13 right leg and 12 left leg). The experiment began by having
participants walk normally on a motorized treadmill at 0.89m/s
(2mph) for one minute (Tr-NW). The hip and knee kinematics during
normal walking were recorded using a camera (C920 Pro HD Webcam,
Logitech, Newark, CA, USA) that tracked markers placed on the hip,
knee, and ankle joints (Fig. 2A) and a reliable real-time tracking algo-
rithm that was custom developed using LabVIEW 2011 and NI Vision
Assistant (National Instruments Corp., Austin, TX, USA) [15,16]. The
ensemble average of the hip and knee kinematics was then scaled (30%)
during the swing phase of gait and smoothed using a Hanning window
to minimize any abrupt scaling both in the beginning and at the end of
swing phase (Fig. 2B). The kinematic trajectories were then projected in
the endpoint space (i.e., as a foot trajectory template) using a forward

kinematic equation to produce a foot trajectory tracking template
[7,10,14].
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where Xa and Ya are the x and y positions of the ankle lateral malleolus
(referred to as the foot trajectory) relative to the hip, l1 is the distance
between hip and knee markers, l2 is the distance between knee and
ankle markers, θh and θk are the hip and knee angles. Thus, when
performing the motor learning task, the participant was required to
alter their hip and knee joint kinematics during the swing phase of gait
to successfully match the target projected on a monitor that was placed
in front of them. The visual feedback on the screen was adjusted such
that the participant could see their entire trajectory produced over the
previous gait cycle.

The experiment consisted of two phases: (1) training phase and (2)
transfer phase. During the training phase, the initial performance of the
training leg was established by having the participant match the target
template as precisely as possible for one minute (Tr-TM Pre). The
participant then practiced the same task for 18 blocks of training with
each block lasting for one minute (Tr-TM1 to Tr-TM18). Depending on
the group, these 18 blocks of training were either performed on the
same day or were equally distributed across two days (Fig. 1). A one-
minute rest period was provided between each training block. At the
end of the training phase, the changes in tracking performance of the
training leg (i.e., skill acquisition) was evaluated (Tr-TM Post). During
the transfer phase, the target template for the untrained, opposite leg
was first created in the same manner as the training leg. Following
which, the tracking performance of the untrained, opposite leg (i.e.,
interlimb transfer) was evaluated (initial transfer: Tf-TM Initial). The
participant then practiced the task with their transfer leg for 8 blocks
(Tf-TM1 to Tf-TM8), following which, the final performance of the
transfer leg was evaluated (final transfer: Tf-TM final). Throughout the
experiment, the participant was instructed to match the target as pre-
cisely as possible without altering the normal gait patterns of their
opposite leg that was not involved in the target-matching task [7].

2.3. Data analyses

Motor performance during the target-matching task was evaluated
by computing the tracking error (i.e., the error between the actual

Fig. 1. Schematic of the experimental
protocol. Two groups of participants
volunteered for this study. Participants
in the massed practice group performed
the training (18 trials) in a single day
and the participants in the distributed
practice group performed the same task
over two consecutive days that were
separated by about 24 h (i.e., 9 trials on
Day 1 and 9 trials on Day 2). Thus, the
total practice time was constant for
both groups. During normal walking
(NW) trials participants walked nor-
mally on a treadmill at 0.89m/s (2
mph). The hip and knee kinematic data
recorded during the normal walking
trials were used to construct the target-
templates. During target-matching
(TM) trials participants performed a
foot trajectory tracking task that ne-
cessitated greater hip and knee flexion
during the swing phase of gait. The
prefixes “Tr” and “Tf” refer to the

training and transfer legs, respectively. The suffixes Pre and Post refer to the initial and final training blocks, respectively. Following each block, subjects were given
approximately 1min of rest.
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trajectory and the target trajectory) during each training block.
Tracking error was computed for each stride in the training block by
calculating the difference in area (computed in pixels) between the
actual and target trajectory and normalizing it to the area of the target-
template trajectory (also computed in pixels) (Fig. 2C) [7,10,15]. The
error for each stride was then averaged across all strides in a block to
determine the average tracking-error during each training block.

2.4. Statistical analyses

All statistical analyses were performed in SPSS for windows version
24 (SPSS Inc., Chicago, IL, USA). Analysis of Covariance (ANCOVA) was
used to evaluate the effects of spacing on skill acquisition and interlimb
transfer. To evaluate whether spacing affected skill acquisition, the
difference in tracking error at the end of training phase (Tr-TM Post
relative to Tr-TM Pre) was compared between the groups. To evaluate
whether spacing affected interlimb transfer, the differences in tracking
error at the beginning and end of the transfer phase were compared
between the groups (i.e., initial and final tracking error of the untrained
leg [i.e., transfer leg] relative to initial tracking error of the trained leg:
Tf-TM initial and Tf-TM final relative to Tr-TM Pre). The initial per-
formance of the training leg (Tr-TM Pre) was used as a covariate for all
analyses [7]. We note that using ANCOVA of the error is statistically
equivalent to using ANCOVA of the change in error to compare groups
[17,18]. Linear regression through the origin was used to evaluate
whether the amount of skill acquisition on the training leg

−(TrTM Pre TrTM Post) affected the amount of interlimb transfer
[ −(TrTM Pre TfTM Initial) and −(TrTM Pre TfTM Final)]. A sig-
nificance level of α=0.05 was used for all statistical analyses.

3. Results

The ensemble averages of the hip and knee flexion angles during
normal walking and target-matching trials for the training and transfer
legs are provided in Fig. 3. There was a significant effect of group on the
amount of skill acquisition and interlimb transfer (Fig. 4). Participants
in the massed practice group had higher tracking error (i.e., reduced
skill acquisition) in the training leg in comparison with the distributed
practice group (F1,42= 8.290, p= 0.006; Fig. 5). They also had sig-
nificantly lower interlimb transfer of the motor skill in their untrained,
opposite leg in comparison with the distributed practice group

(F1,42= 4.318, p=0.044; Fig. 5). This reduced interlimb transfer
persisted even at the end of practice with their transfer leg (final
transfer: F1,42= 8.976, p=0.005; Fig. 5). Regression analyses in-
dicated that there was a significant linear relationship between the
amount of skill acquisition on the training leg and the amount of
transfer to the untrained, opposite leg (transfer: β=0.741, R2= 0.761,
p < 0.001; final transfer: β=1.020, R2= 0.931, p < 0.001). Eva-
luation of the regression slopes indicated that for every 1% change in
tracking-error on the training leg (i.e., learning) there was a change of
0.76% and 1.02% of tracking error on the transfer leg at the beginning
(i.e., initial transfer) and end of the transfer phase (i.e., final transfer),
respectively.

4. Discussion

The purpose of this study was to test whether acquisition and in-
terlimb transfer of leg motor skills during walking was affected by the
amount of spacing between practice sessions. Two groups (massed and
distributed practice) of individuals practiced a new gait pattern that
required alterations in hip and knee flexion angles during the swing
phase of gait. For the massed practice group, training was performed
continuously within the same day, whereas for the distributed practice
group, training was distributed across two days (about 24 h spacing).
The results showed that both skill acquisition and interlimb transfer
were significantly higher when practice was distributed across days.
Also, a large proportion of variance in the amount of interlimb transfer
was explained by the amount of skill acquisition on the training leg,
indicating that the enhanced performance in the transfer leg was at
least partly mediated by the improved motor performance on the
training leg. These results provide novel evidence indicating that spa-
cing practice sessions across days is superior to massed practice within
the same session for enhancing motor skill acquisition and interlimb
transfer of new gait patterns.

The phenomenon of interlimb transfer is of particular interest to
rehabilitation specialists, as it has therapeutic implications for in-
dividuals with unilateral motor deficits, such as stroke or hemiparetic
cerebral palsy. For example, there is a growing interest in training the
less-impaired limb to improve motor performance and functional defi-
cits in the more-impaired limb of stroke survivors [3,4]. However, our
understanding of practice strategies that could potentially enhance the
transfer of motor skills from one limb to the other is limited,

Fig. 2. (A) Schematic of the experimental set-up of the leg motor skill learning task during treadmill walking. (B) Schematic showing creation of target-template. (C)
Schematic showing the computation of tracking error (shaded region).
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particularly for tasks with functional relevance, such as gait. The results
of this study establish, for the first time, that distributed practice is
superior to massed practice for learning new gait patterns and trans-
ferring that skill to the opposite, untrained leg. It is important to note
that the motor learning task used in this study has high clinical re-
levance, as previous studies have shown that incorporation of this task
in the rehabilitation program improves clinical outcomes after stroke
[19–22].

The benefits of distributed practice for the acquisition and retention
of new motor skills have been well established in the literature [23–27].
However, most of the studies have focused on the upper-extremity with
virtually no research on the effects of spacing of practice sessions on
learning and interlimb transfer of leg motor skills, which have parti-
cular relevance to gait rehabilitation. Here, we used a continuous skill
learning task that has been previously used in gait rehabilitation to
show for the first time that learning a new gait pattern can be facilitated
by distributed practice than with massed practice. Using the same task,
we also show that interlimb transfer of the learned skill is facilitated by
distributed practice. These results extend the findings of upper-ex-
tremity studies and also underscore the importance of distributed
practice during rehabilitation of individuals with motor deficits.

Motor memory consolidation has been attributed as one of the
theoretical explanations for the benefits of distributed practice over
massed practice on learning or acquisition of motor skills [27]. In this
study, practice was evenly spaced across two consecutive days for the
distributed practice group, whereas the massed practice group

performed all the trials within the same day. Thus, it seems likely that
the distributed practice group would have benefited by the extra time
provided for motor memory consolidation. Interestingly, when com-
paring the tracking error in Tr-TM10 (i.e., first practice trial on Day 2
for the distributed practice group with the corresponding target-
matching trial for the massed practice group) between groups, we did
not find any significant difference (p > 0.05, Fig. 4). Rather, the
tracking error reduced gradually with training on Day 2 for the dis-
tributed practice group while the massed practice group plateaued at
that time-point. This suggests that factors other than consolidation
could have contributed for the observed benefits in the distributed
practice group.

It is to be noted that the massed practice group in this study received
a small break between practice sessions (1 min). While massed practice
is generally defined as practice that occurs without rest between trials
[28–30], the idea of having small breaks between practice trials during
massed practice is commonly accepted in the motor learning literature
[31–34]. Moreover, if we consider discrete tasks (e.g., shooting a bas-
ketball or a reaching task), rest between trials is practically unavoidable
in massed practice. More importantly, massed practice has been studied
even in much longer time scales (e.g., days of break) than the current
study [27,32,35,36]. We chose to provide a small break between
practice trials in the massed practice group because this is more
translatable to clinical practice and rehabilitation, as it will be difficult
for individuals with poor locomotor capacity (e.g., stroke or spinal cord
injury) to walk continuously without breaks. Further, even in

Fig. 3. Ensemble averages of the hip and knee flexion angles during normal walking (NW) and target-matching (TM) trials in the massed and distributed practice
group. Panels A and B represent the training leg’s ensemble averages of hip and knee flexion angles, respectively. Panels C and D represent the transfer leg’s ensemble
averages of hip and knee flexion angles, respectively. Note that the strategies used for performing the motor learning task were similar between groups for both the
training and the transfer legs.
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neurologically intact individuals, performing a continuous motor task
with no rest period while walking on a treadmill could be challenging
and could induce significant physical and mental fatigue that could
confound the study results. Thus, we believe that by providing a small
amount of rest between trials we minimized the confounding effects of
fatigue. However, from a theoretical perspective, our design did not
allow us to determine if massed practice with no rest period was det-
rimental to leg motor skill acquisition during walking. Our pilot data
from both experienced and novice individuals support the general no-
tion that motor performance degrades as a function of decreasing rest
periods. However, future studies are warranted to fully understand the
effects of varying levels of rest-periods on leg motor skill learning
during walking.

Despite significant research on interlimb transfer, the mechanisms
mediating interlimb transfer has been unclear. The two main theore-
tical models that have been proposed to explain interlimb transfer are
the bilateral access model and the cross activation model. The bilateral

access model suggests that the motor memories formed during uni-
lateral training are not specific to the trained limb, but can also be
accessed by the untrained, opposite limb (e.g., through callosal con-
nections) [2,37–40]. The cross activation model suggests that bilateral
cortical activity during unilateral training results in bilateral adapta-
tions that facilitate subsequent performance by the untrained limb
[2,41–43]. While this study did not directly evaluate the neural me-
chanisms underlying interlimb transfer, the observed linear relationship
between the amount of learning on the training leg and the amount of
interlimb transfer favors the bilateral access model and suggests that
this accessibility can be strengthened by training strategies that en-
hance motor learning.

It is important to note that this study used a continuous task as
opposed to discrete task for evaluating the effects of massed vs. dis-
tributed practice on learning and interlimb transfer. It is currently un-
clear whether the benefits observed for learning and transfer of con-
tinuous tasks also exist for discrete tasks (e.g., obstacle avoidance)
[44,45], as research related to distribution of practice effects in the
upper-extremity has yielded conflicting results [46–49]. Further re-
search is required to examine whether there are disparities in the effects
of distribution of practice in motor skill acquisition of continuous and
discrete tasks.

A key limitation to this study was that the kinematics of the opposite
leg (i.e., transfer leg) was not recorded to ensure that participants did
not attempt to practice the task also with their contralateral leg during
the training phase (which could facilitate interlimb transfer). This was
not possible because the reflections of the camera light from the op-
posite side were substantially affecting the real-time tracking algo-
rithm. However, we have pilot-tested this issue and have found that
participants typically do not increase the hip or knee flexion angles of
their opposite leg during training (Supplemental Fig. 1). Another lim-
itation is that we do not know the relative permanency of the learning
effects observed in this study. It is possible that the learning effects
could washout with training session across multiple training days, al-
though there is some evidence to suggest that distributed practice has
relatively permanent influence on acquisition and retention of motor
skills [32]. Moreover, even if the benefits washout, from a clinical
perspective it is more efficient (and cost-effective) to reduce the amount
of practice trials in a given day and space it across multiple training
sessions.

In summary, this study evaluated the effects of massed and dis-
tributed practice on acquisition and interlimb transfer of a new motor
skill during treadmill walking. Participants in the massed practice
group learned a new gait pattern in a single session (i.e., within the
same day), whereas participants in the distributed practice group
learned the task across two days, but with same amount of practice. The
results showed that distributed practice was superior to massed practice
for learning and interlimb transfer of new gait patterns. The results also
indicated that the benefits of distributed practice for interlimb transfer
of leg motor skills were primarily mediated by enhanced skill acquisi-
tion on the training leg. These findings emphasize the importance of
distribution of practice sessions across days during rehabilitation to
facilitate locomotor outcomes in individuals with gait dysfunction.
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Fig. 4. Mean tracking error in the massed and distributed practice groups for
each target-matching (TM) block with the training leg (Tr) and the transfer leg
(Tf). The shaded regions indicate the training and testing blocks performed on
Day 2 for the distributed practice group. Error bars represent the standard error
of the mean. The blocks within the rectangle indicate the trials that were used
in the statistical analysis. Tracking error was significantly lower in the dis-
tributed practice group when compared with the massed practice group both
for the training (Tr-TM Post) and transfer legs (Tf-TM initial and Tf-TM final),
indicating that skill acquisition and interlimb transfer were higher after dis-
tributed practice.

Fig. 5. Reductions in tracking error in the training (i.e., skill acquisition) and
transfer legs (i.e., interlimb transfer) of the massed and distributed practice
groups. Bars represent the marginal means of the change in tracking error and
error bars represent standard error of the mean. Asterisks indicate a significant
difference at α=0.05.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.gaitpost.2019.02.019.
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