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A B S T R A C T   

Background: The common paradigm to study the adaptability of human gait is split-belt walking. Short-term 
savings (minutes to days) of split-belt adaptation have been widely studied to gain knowledge in locomotor 
learning but reports on long-term savings are limited. Here, we studied whether after a prolonged inter-exposure 
interval (three weeks), the newly acquired locomotor pattern is subject to forgetting or that the pattern is saved 
in long-term locomotor memory. 
Research Question: Can savings of adaptation to split-belt walking remain after a prolonged inter-exposure in-
terval of three weeks? 
Methods: Fourteen healthy adults participated in a single ten-minute adaptation session to split-belt walking and 
five-minute washout to tied-belt walking. They received no training after the first exposure and returned to the 
laboratory exactly three weeks later for the second exposure. To identify the adaptation trends and quantify 
saving parameters we used Singular Spectrum Analysis, a non-parametric, data-driven approach. We identified 
trends in step length asymmetry and double support asymmetry, and calculated the adaptation volume 
(reduction in asymmetry over the course of adaptation), and the plateau time (time required for the trend to level 
off). 
Results: At the second exposure after three weeks, we found substantial savings in adaptation for step length 
asymmetry volume (61.6–67.6% decrease) and plateau time (76.3 % decrease). No differences were found during 
washout or in double support asymmetry. 
Significance: This study shows that able-bodied individuals retain savings of split-belt adaptation over a three- 
week period, which indicates that only naïve split-belt walkers should be included in split-belt adaptation 
studies, as previous experience to split-belt walking will not be washed out, even after a prolonged period. In 
future research, these results can be compared with long-term savings in patient groups, to gain insight into 
factors underlying (un)successful gait training in rehabilitation.   

1. Introduction 

To optimize our behavioral fit with unfamiliar environments, exist-
ing (loco-)motor patterns must adapt, or new skills must be acquired. 
Learning and adaptation take time, but practice makes perfect: the more 
people are exposed to a disruptive environment, the less time is required 
to adapt, a phenomenon known as ’savings’ [1–3]. Once a stable control 
solution has been acquired, motor memory appears to be remarkably 
resistant to forgetting. Some skills, such as riding a bicycle, can be 
performed at a reasonable level even after years without practice. This 

relatively stable memory for movements contrasts with performance in 
the declarative domain, where overlearning is often needed to establish 
persistent memory [4]. In recent years, motor adaptation studies have 
improved our understanding of the dynamics of long-term motor 
memory, showing that recall is driven primarily by increased sensitivity 
to previously experienced errors [5], and that time between subsequent 
exposures [6] and retrograde interference by opposing adaptation tasks 
are related to forgetting [2]. 

The common paradigm to study the adaptability of gait is split-belt 
walking, in which the individual legs have to walk at different speeds. 
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Initially, this results in a spatiotemporal asymmetric gait, but within 
minutes people successfully adapt to the task and learn to stably walk 
with more symmetrical step lengths and durations [7]. Previous 
split-belt studies have determined how initial adaptation needs to be 
scheduled to maximize the magnitude of savings, showing that repeated 
exposure to the error-rich first phase of the adaptation (employing a 
so-called ‘switch schedule’) can result in rapid and extensive savings [3, 
8,9]. In these studies, relatively short inter-exposure intervals of 10 min 
[8] up to five days [9] were used. Previous studies investigate how lo-
comotor savings can be accelerated or trained [3,8,9], however the 
robustness of these savings is unknown. Furthermore, a fundamental 
understanding of long-term locomotor savings may inspire future 
research on gait training, motor skill acquisition and clinical rehabili-
tation, but to our knowledge, no studies reported longer inter-exposure 
intervals to date. In the present study, we aim to determine to what 
extent a single, 10-minute exposure to split-belt walking is resistant to 
forgetting over an extended inter-exposure interval of three weeks, or 
that under these circumstances the adapted state is subject to sponta-
neous extinction. We demonstrate that prolonged lack of exposure is 
insufficient for forgetting the learned adaptation to split-belt walking 
and that substantial savings can be observed even three weeks after the 
initial exposure. 

2. Methods 

Fourteen healthy adults (7 Females, mean±SD 20.5 ± 1.6 years, 
height: 1.76 ± 0.1 m, weight: 65 ± 9.3 kg), naïve to split-belt walking 
and without gait impairments, participated in this study and provided 
informed consent. Protocols were approved by the ethics committee of 
the Department of Human Movement Sciences, UMCG (NL), in line with 
the Declaration of Helsinki. 

The treadmill protocol is illustrated in Fig. 1. Participants received 
no training after the first exposure and returned to the laboratory three 
weeks later for the second exposure. The inter-exposure interval of three 
weeks was chosen to assess explore the robustness of long-term savings, 
while remaining experimentally convenient. We used an instrumented 
split-belt treadmill that collected 6D ground reaction forces (GRF) and 
moments of force, and 2D center of pressure (CoP) at 1000 Hz (Motek 
Medical B.V., NL). Participants were not allowed to hold onto handrails 
other than to prevent a fall [10]. 

All analyses were performed in MATLAB r2020b (The MathWorks 
Inc., USA). Data were filtered with a 15 Hz low-pass 2nd order Butter-
worth filter. Gait events were identified by threshold detection of the 
vertical GRF at 50 N. Step length (m) was defined as the fore-aft dif-
ference in CoP position at heel-strike and double support time (s) as the 
time between heel-strike and contralateral toe-off. Step Length Asym-
metry (SLA) and Double Support Asymmetry (DSA) were calculated 
using Eqs. (1) and (2) for every stride i. 

SLA (i) =
Step lengthleft (i) − Step lengthright (i)
Step lengthleft (i) + Step lengthright (i)

(1)  

DSA (i) =
Double supportleft (i) − Double supportright (i)
Double supportleft (i) + Double supportright (i)

(2) 

For the aims of this study, we were interested in quantifying selected 
properties of the adaptation trends. Reliable identification of adaptation 
parameters is often complicated by large step-to-step variability 

Fig. 1. The split-belt treadmill protocol that was used in this study. The upper 
bar shows left belt speed, and the lower bar shows right belt speed. White bars 
indicate fast belt speed of 1.5 m s− 1, grey bars indicate slow belt speed of 
0.5 m s− 1. The names and durations of the relative phases are shown above the 
bars. All participants walked the same treadmill protocol on the first and sec-
ond exposure. 

Fig. 2. Group-averaged (N = 14) trends resulting from the singular spectrum analysis. The subplots show (A) step length asymmetry and (B) double support 
asymmetry during first (red) and second (green) exposure adaptation and washout phase. Shaded areas indicate standard error around the mean. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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typically present in adaptation trends, and therefore we chose to first 
identify the trends from the raw data using Singular Spectrum Analysis 
(SSA) [11]. SSA decomposes time-series data into components and re-
constructs a trend, by identifying the associated slow-varying compo-
nents and precluding the high-frequency residual components that 
represent noise. For a detailed description of SSA for motor adaptation 
data, see [12]. 

Three parameters were extracted from the trends to quantify adap-
tation and savings: 1) Early volume: Sum of derivatives of the first 60 s 
of the trend, which provides information about the amount of change 
occurring during the early part of the adaptation or washout phase. 2) 
Late volume: Sum of derivatives of the remaining seconds of the trend, 
which provides information about the amount of change occurring 
during the remaining part of the adaptation or washout phase. 3) 
Plateau time: The point in time (s) at which the differentiated trend was 
higher than − 0.001 and lower than 0.001 for 10 consecutive seconds, 
which provides information about the time until a plateau was reached 

during adaptation or washout phase. 
Statistical significance was set at a Bonferroni corrected alpha of 

0.05. Shapiro-Wilk’s tests indicated that data were normally distributed. 
We performed paired t-tests to compare first with second exposure SLA 
and DSA early volume, late volume, and plateau time during the adap-
tation and washout phase. 

3. Results 

Group averaged trends resulting from the SSA (Fig. 2) indicate 
adaptation effects upon first exposure to split-belt walking, which 
decrease upon second exposure after three weeks. The results of the 
paired t-tests (Fig. 3) show significant changes in adaptation from first to 
second exposure: 67.6 % decrease in SLA early volume (t(13) = 3.6172, 
p = .003), 61.1 % decrease in SLA late volume (t(13) = 4.2878, 
p < .001), and a 76.3 % decrease in SLA plateau time (t(13) = 3.5936, 
p = .003). No significant differences were found between first and 

Fig. 3. Raincloud plots [15] (N = 14) of step length 
asymmetry and double support asymmetry (A-D) early 
volume, (E-H) late volume and (I-L) plateau time 
resulting from the singular spectrum analysis during 
first (red) and second (green) exposure for the adap-
tation and the washout phase. Dots represent individ-
ual participants. Asterisks indicate a significant 
difference between first and second exposure 
(p < .05). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   
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second exposure in any of the parameters in DSA during adaptation, and 
in SLA and DSA during washout. These results indicate that humans 
show substantial savings of SLA upon repeated exposure to split-belt 
walking after a prolonged period. 

4. Discussion 

To our knowledge, this is the first study to probe long-term memory 
for split-belt walking over an extended inter-exposure interval. The 
substantial savings that were observed in spatial asymmetry indicate 
that a ten-minute exposure to split-belt walking is sufficient to save the 
newly acquired pattern in long-term locomotor memory and make it 
robust against forgetting over a three-week period. Both the initial 
perturbation and the time to reach a plateau decreased upon second 
exposure, indicating that upon second exposure, elaborate recalibration 
of the gait pattern is no longer required, and subjects can switch rela-
tively effortlessly between the two task environments, tied- and split- 
belt walking. While savings were prominent in SLA, no savings were 
detected in DSA. The average adaptation volume in the temporal 
domain, DSA, was already small during the first exposure and no further 
reductions were observed three weeks later. 

The current study reveals that previously found short-term savings of 
split-belt adaptation [3,8,9,13,14], also appear after a long-term, 
three-week, period. This consistently shows that locomotor savings 
exist in a young adult population even after a longer period without 
exposure. Moreover, the participants’ SLA was a lot less perturbed on 
second exposure, which demonstrates the human capacity to save 
adapted locomotor patterns after a longer interval. This provides new 
knowledge on long-term savings of locomotor adaptations, which may 
inform future gait training, motor skill acquisition, rehabilitation stra-
tegies, and studies on inter-exposure duration. For instance, funda-
mental insights into locomotor savings can be gained in future studies by 
investigating different inter-exposure intervals to assess the long-term 
decay in SLA savings. Furthermore, the findings of this study confirm 
that future split-belt studies should consider subjects’ previous experi-
ence with split-belt walking as this profoundly affects performance on 
the adaptation task. In future research, the results of the current study 
can be compared with long-term savings in older adults or patient 
groups, to assess possible deficits in locomotor savings that may underlie 
impaired walking (adapt-)ability with aging or pathology. In sum, this 
study shows that able-bodied individuals retain savings of split-belt 
adaptation over a prolonged time period. 
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