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Abstract

Introduction. Gait recovery is one of the main goals in post-stroke rehabilitation.
Based on the principles of motor learning, new strategies have been developed in neu-
rorchabilitation based on repetitive, task-oriented practice, and feedback. The latter
has proven to be one of the most critical variables for training, because it is easy to ob-
tain and manipulate. However, there are still no conclusive studies to identify the real
effect of this variable and its influence on recovery and functional gait performance.

Objective. To determine the effect of visual feedback on gait speed after stroke in
adults with subacute and chronic stages.

Methodology. Single-case, multiple baseline, non-concurrent randomized, and
four-participant design. Gait velocity was assessed by determining differences in lev-
el, trend, data stability, and nonoverlapping data using visual analysis based on tech-
nical documentation for single-case designs from the What Works Clearinghouse.

Results. Four participants ranging in age from 19 to 73 years were included in
the study. The change in level for all participants demonstrated an increase in gait
velocity values after the introduction of the intervention (mean: 0.76 m/s). Visual
trend analysis estimated acceleration for the intervention line for three participants.
The data in the baseline and intervention phase met the stability criterion measured
with the two standard deviation band method (mean: 0.05 m/s); patterns of change
demonstrated immediate effect with gradual improvement during the intervention
for participants 1, 3, and 4. The percentage of nonoverlapping data showed effective-
ness of the intervention for three of the participants (PND >91.67%).

Conclusions. The findings presented in this study represent a scientific contribu-
tion that supports the relevance of the use and application of motor learning prin-
ciples for the development of new strategies in motor rehabilitation. However, this
study constitutes a first step towards more robust studies that include replication of
the phases in the study and follow-up evaluation to determine the permanence of
long-term effects.

Keywords
Stroke; feedback; walking speed; rehabilitation; robotics; single-case study; physical
therapy; gait disorders, neurologic; haptic technology.
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Resumen

Introduccion. La recuperacion de la marcha es uno de los principales objetivos en
rehabilitacion después de un ACV. Basados en los principios de aprendizaje motor, se
han desarrollado nuevas estrategias en neurorrehabilitacion basadas en la practica re-
petitiva, orientada a la tarea y la retroalimentacion. Esto Gltimo ha demostrado ser una
de las variables clave para el entrenamiento, por su facil obtencién y manipulacién. Sin
embargo, atin no existen estudios concluyentes que permitan identificar el efecto real de
esta variable y su influencia en la recuperacion y el desempeno funcional de la marcha.

Objetivo. Determinar el efecto de la retroalimentacion visual sobre la velocidad de
la marcha después de un accidente cerebrovascular en adultos con estadios subagu-
dos y cronicos.

Metodologia. Disefio de caso unico de linea de base multiple, aleatorio no concu-
rrente de cuatro participantes. Se evalu6 la velocidad de la marcha determinando las
diferencias en el nivel, la tendencia, la estabilidad de los datos y la no superposicion
de datos mediante el analisis visual basado en la documentacion técnica para disefios
de caso unico de la What Works Clearinghouse.

Resultados. Cuatro participantes con rango de edad de 19 a 73 anos fueron in-
cluidos en el estudio. El cambio en el nivel para todos los participantes demostré un
incremento en los valores de la velocidad de la marcha después de la introduccion de
la intervenciéon (media: 0.76 m/s). El andlisis visual de la tendencia estimé acelera-
ci6n para la linea de intervencion para tres participantes. Los datos en la fase de base
e intervenciéon cumplieron el criterio de estabilidad medido con el método de banda
de dos desviaciones estandar (media: 0.05 m/s); los patrones de cambio demostraron
efecto inmediato con mejoria gradual durante la intervencion para los participantes
1, 3 y 4. El porcentaje de no superposicion de datos mostro efectividad de la inter-
vencion para tres de los participantes (PND >91.67%).

Conclusiones. Los hallazgos presentados en este estudio representan un aporte
cientifico que respalda la pertinencia del uso y aplicacion de los principios de apren-
dizaje motor para el desarrollo de nuevas estrategias en rehabilitacion motora. Sin
embargo, este estudio constituye un primer paso para realizar estudios mas robustos
que incluyan replicaciéon de las fases en el estudio y la evaluaciéon del seguimiento
para determinar la permanencia de los efectos a largo plazo.

Palabras clave

Accidente cerebrovascular; retroalimentacion, velocidad al caminar; rehabilitacion;
robotica; estudio de caso Unico; fisioterapia; trastornos neurolégicos de la marcha;
tecnologia haptica.

Introduction

According to the World Health Organization, stroke is the second leading cause of
death worldwide and the third most common in low-income countries, causing about
4.4 million deaths annually [1]. Although the most recent epidemiological studies
show declining age-standardized mortality rates worldwide, the absolute number of
people suffering a stroke and living with disability is increasing, creating emotional and
socioeconomic consequences for individuals, their families, and health services [2,3]
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Between 50% and 70% of stroke survivors regain functional independence. However,
about 30% remain with physical, sensory, and intellectual impairments that result in disabili-
ty, and approximately 20% require institutional care for functional dependence after hospital
discharge following an acute episode [4].

The most common and widely recognized impairment caused by stroke is motor impair-
ment [5]. Hemiparesis triggers gait disturbances mainly related to reduced propulsion and
kinematic or spatiotemporal asymmetry, which increase energy expenditure, reduce speed
and endurance during walking and increase the risk of falling in this population [6]. This
results in increased functional dependence and the need for assistance in more than one third
of activities of daily living, including self-care and social interaction [2,7].

Gait recovery is considered one of the main goals in rehabilitation [8]. From 65% to 95%
of people with stroke learn to walk independently approximately six months after injury;
compared to other individuals, they spend more time training gait than other activities and
only 30-50% are able to ambulate in the community [9]. This has generated a considerable
increase in rehabilitation research towards the development of new strategies to promote and
enhance gait recovery after stroke [10].

Of these strategies, evidence in neurorehabilitation supports specific training with large
doses and high intensities of practice as the main elements for improving mobility and gait
speed after stroke [11], supporting findings in neuroscience that promote the incorporation
of repetitive and variable practice for the improvement of neuroplasticity and motor learning
processes post-stroke [12]. Thus, responding to the premise that training improves perfor-
mance in terms of acquisition of new skills and refinement of previously learned skills after
brain injury [13]. This means that for the central nervous system to act efficiently, rehabilita-
tion programs must be guided by dependent plasticity processes such as task-oriented prac-
tice, focused attention, repetitive training, and feedback [14].

In recent years, feedback has been shown to be one of the variables that most impact gait
recovery [15]. Extrinsic feedback systems determine task performance through the quanti-
fication of biomedical variables and inform the user directly or indirectly about a relevant
variable such as force, myoelectric activity, temperature or joint torques, transforming this
information into auditory, visual or haptic signals easily identifiable by the user [16,17]. Feed-
back is considered a key element for rehabilitation, given its ease of acquisition, manipulation
and quantification in experimental settings [ 18].

Feedback provides information about performance and outcomes in the execution of a
task, with the intention of reducing errors in execution and facilitating the achievement of
goals in recovery [19]. Its application in stroke rehabilitation is mainly oriented to provide or
represent proprioceptive sensory information that may be affected after the injury [6]. This
type of feedback is used in gait rehabilitation, especially to improve step length and width,
stance time, posture control, and weight transfer between limbs or on the trunk, which are
mandatory steps for the improvement of such walking function [20].

The strategy used in this study is based on a dynamic robotic orthosis system that combines
a weight-bearing method for the control of lower limb motion in the sagittal plane during
gait training (Lokomat®) [21]. This system presents online extrinsic feedback during patient
training, which allows evaluation of performance during gait. The information presented to
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the participant shows the interaction of the hip and knee joint torques with the robotic or-
thoses represented in a line graph visible on a monitor. The purpose of this information is to
provide extrinsic feedback as a guide to performance at different phases in the gait cycle [10].

This study is designed to determine the effect of visual feedback on gait speed during
robotic gait training, varying only the condition of provision and non-provision of such in-
formation during training, by applying a single-case design. In this type of study, each partic-
ipant becomes his or her own control, reducing interference from confounding variables such
as gender, age, socioeconomic status, and concurrent intervention [22].

Methodology
Study design

A single-case, randomized, nonconcurrent, multiple baseline study was conducted in two
phases: baseline or control phase (A) and intervention phase (B). Subjects were randomized
to receive 12 to 20 sessions with the control treatment (robotic gait training without feedback)
before starting the intervention with robotic training with visual feedback. Randomization
was conducted via the sealed envelope method.

Participants

Four persons with a history of stroke of no more than six months of evolution (three women,
one man; mean age: 50 years; range 19 to 73 years) were recruited while participating in the
interdisciplinary rehabilitation process PIR® of the Universidad de la Sabana Clinic in Chia,
municipality of Cundinamarca, Colombia.

The inclusion criteria were: 1) to walk independently with or without the use of a support
product for at least 10 meters, 2) to present a score of more than 20 points in the evaluation
of the mini mental test.

Exclusion criteria: 1) presenting severe visual or hearing impairment, 2) presenting severe
cardiovascular disease, 3) weighing more than 260 pounds, 4) presenting recent history of
traumatic injury to the trunk or lower limbs, and 5) presenting lower limb discrepancy greater
than 3 centimeters.

The study was endorsed by the Bioethics Committee of the Universidad Autéonoma de
Manizales (record 080 of 2018). Each of the participants accepted the intervention by signing
the informed consent.

Table 1 presents the sociodemographic characteristics of the four participants, including
educational level and cognitive status.

Materials and methods

Gait speed was assessed in all participants by applying the 10-meter walking test immediately
after the end of each training session during the baseline (A) and intervention (B) phases. The
10-meter gait test has excellent test-retest reliability (ICC=0.95-0.99) and inter- and intra-rat-
er reliability (ICC= 0.87- 0.88) for post-ACV persons in chronic stages [23]. In addition, it
has excellent correlation with instruments for assessing independence in activities of daily
living (r=0.76) [24].
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Table 1. Sociodemographic and clinical characteristics of the

participants.

Participant | Gender @ Age Type of stroke Education level | Mini Mental state
P01 F 41 Ischaemic Advanced 28
P02 M 73 haemorrhagic Advanced 30
P03 F 19 haemorrhagic Advanced 27
P04 F 69 Ischaemic Basic 22

Note. F: Female; M: Male

Intervention

In the control and intervention phases, participants performed robotic gait training Lo-
komat® 3 times per week for one hour, with weight support starting at 40% of body weight,
progressing between 5 to 10% at each session, until 100% support tolerance was reached.

Gait speed was initially set at 1.5 km/hour with progressive increases of 0.2 km/hour at
each session until a maximum speed of 3 km/hour was reached. The guiding force of the
device was programmed at 100% at the beginning of the training with progressive reduction,
until reaching 0% according to the participant’s tolerance.

For the intervention phase, all participants also received visual feedback, through the obser-
vation of a monitor that presented information on the hip and knee joint torques required to
maintain a predefined trajectory in each gait phase. By definition, a torque is positive when the
participant’s movement is corrected toward extension and negative when the movement is cor-
rected toward flexion. Torques are the result of multiplying the participant’s joint motion by
the weight load on each joint, resulting in an arbitrary unit of measurement that is defined as
the biofeedback unit [25]. This information is presented in a line graph that visualizes the par-
ticipant and reports performance during the stance and swing phase (Iigure 1). Training was
performed by therapists certified in the handling of the robotic device, external to the research.

Data analysis

Data were analyzed according to the recommendations of the What Works Clearinghouse
technical documentation for single-case designs and the publication guide for single-case de-
signs - SCRIBE [26,27], using the web resource for visual analysis of single-case designs:
https://manolov.shinyapps.io/Overlap [28]. Each of the phases was examined and com-
pared for differences in level, trend of change, stability, immediate effect, and nonoverlap of
data for each participant.

The median value of the data was used to determine the changes in level at each phase; the
direction of the trend was calculated through the Theil- Sen estimator, also known as Sen’s
slope estimator or Kendall’s fitting method [29].

Data stability was determined by calculating the percentage of data falling above or below
20% of the median data value, through the two standard deviations band method; a stability
criterion is satisfied if 80% of the data fall in this range [30].
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Figure 1 Simulation of the standard display of the monitor implemented in the Lokomat®
system for visual feedback delivery.

Note. In this Figure a positive feedback is provided for all joints, especially for the knees,
during stance phase indicating that the patient actively moves joints according to the
reference trajectories, while during the swing phase, particularly for the hips, patient dos not
contribute to the walking movement than the robot has to exert torque in order to maintain
the desired reference trajectory. Adapted from Tamburella F, Moreno JC, Sofia D, Valenzuela
H, Pisotta |, losa M, et al. Influences of the biofeedback content on robotic post-stroke gait
rehabilitation: electromyographic vs joint torque biofeedback. 2019;0:1-17.

Finally, the nonoverlap of the data (PND) was estimated through the nonoverlap index.
This index quantifies the proportion of data in the intervention phase (B) that do not overlap
in the baseline phase (A). Non-overlap statistics are typically scaled as a percentage from 0
to 100. Thus, a percentage less than 50 denotes no effect of the intervention, a percentage
between 50 and 70 demonstrates a questionable effect, and more than 70% suggests that the
intervention was effective [31].
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Results

Visual analysis

Figure 2-5 shows the graph of each participant’s data used for visual analysis during the baseline
phase (A) and the intervention phase (B), separated by the continuous vertical line. The x-axis
represents the gait speed value and the y-axis the number of sessions for each of the phases.

Changes in the level

Table 2 shows the changes in the level (median) and standard deviation of the data for the
baseline and intervention phase for each participant. Positive changes in the level of the data
were found for all participants. Gait velocity values were higher in all participants in the in-
tervention phase compared to the baseline phase (mean:0.76 m/s); with difference in the me-
dian of the intervention and baseline phase between 0.1 and 0.21 m/s. The highest changes
occurred in participants | and 2.

Changes in data trend

The trend of the data shows increases or decrease of the study variable in the visual analysis.
For the present investigation, the trend of the data toward ascent shows improvement. Visual
analysis of the trend demonstrates acceleration for the trend (increase in gait speed values
over time) of the intervention line for participants PO1, P03, and P04.

Statistical analysis
Data stability: two-standard deviation banding method

Each of the baseline (A) and intervention (B) for each participant met the stability criterion
according to the two standard deviation banding method [32]. For all participants, more than
80% of the data remained within the established range, indicating stability of the data in both
the baseline and intervention phases.

Immediate effect: patterns of change

Two patterns of change in response to the intervention were identified. The first pattern was
an immediate change at the start of training (mean: 0.15 m/s), followed by further slight
improvement throughout the intervention phase, but with decreasing data trend in this phase
(no within-training effect), applicable for participant 2.

The second pattern was an immediate change, followed by a gradual and continuous im-
provement during the intervention phase (continuous effect during training), applicable for
participants 1, 3 and 4. Participant 1 demonstrated a high immediate change pattern (mean:
0.09 m/s) with continuous effect during the intervention, while participants 3 and 4 were
characterized by a more discrete immediate change pattern (mean: 0.04 and 0.03 m/s) with
continuous effect during the intervention.

Percentage of non-overlapping data

For this study, an increase in outcome values would locate the points in the visual analysis
higher in the intervention phase versus the baseline phase. The percentage of no overlap
demonstrated intervention effect for participants 1, 2, and 4 (>91.67%) and questionable
effect for participant 3 (58.3%).
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Figure 2. Visual analysis for participant 1 demonstrating: a) level, b) trend, c) data stability, d) immediate effect and e)
nonoverlap (PND).
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Figure 3. Visual analysis for participant 2 demonstrating: a) level, b) trend, c) data stability, d) immediate effect and e)
nonoverlap (PND).
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Figure 5. Visual analysis for participant 4 demonstrating: a) level, b) trend, c) data stability, d) immediate effect and e)
nonoverlap (PND).

Table 2. Median and standard deviation values of the data for each participant in each phase.

Subject Baseline median (m/s) (SD) Intervention Median (m/s) (SD)
P01 0.23(0.03) 0.34 (0.03)
P02 0.54(0.07) 0.75(0.07)
P03 0.87(0.07) 0.97(0.06)
P04 0.84(0.07) 0.98(0.07)
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Discussion

From neuroscience research, there are several training variables that determine the motor
learning process. Most of them are related to the type of practice, repetition, taskoriented
training, specificity and fundamentally feedback, the latter being one of the most critical
variables for rehabilitation training [25]. Based on this concept, the present study aimed to
determine the effect of visual feedback on gait speed during robotic training, by varying only
the condition of supply and non-delivery of such information, applying a single-case design.
The hypothesis stated in this study formulated that robotic training with visual feedback im-
proved gait performance in temporal terms, specifically gait speed.

Consistent with the principles of analysis of single-case designs, the experimental criterion
was moderated by demonstrating increases in gait speed in the first five days after the intro-
duction of training for cases 1, 2, and 4, this associated with the pattern of change in the data
reported for each case. The positive changes in gait speed are mainly related to the recogni-
tion of hip and knee joint movement, guided by the dynamic orthoses of the Lokomat®, sys-
tem, which allows maintaining an adequate stride length, greater freedom in swing, stability
in support and maintaining the direction of progression [14].

Pak and Lee [33] described similar effects in a study of visual feedback during squat train-
ing with gradual change in weight bearing on the paretic limb in adults with a history of
stroke. The results demonstrate improvement in muscle activity, balance, and gait, indicating
that visual markers have a primary effect on movement control and learning, which specifical-
ly improves weight transfer for balance control and stability of the affected limb [33].

For their part, Genthe et al [34] demonstrated changes in paretic leg propulsion after
real-time visual feedback gait training in nine post-ACV subjects. The feedback training
generated significant increase in the step length of the paretic limb, indicating that during
gait the paretic limb was positioned further back during the terminal stance phase, which in
turn modified patterns in muscle performance of the paretic limb and reduced offsets in the
healthy limb [34]. During gait training, the use of real-time visual cues has shown favorable
results in terms of weight distribution and symmetry in stance, which contributes positively to
improved speed and balance during gait.

Kim and Oh [35] combined treadmill gait training with the use of real-time visual feed-
back in adults with hemiparesis secondary to stroke, demonstrating increases in stride length,
stride length, and stance time. In addition, they reported improvement in balance assessment
using the Timed get up and Go test. These findings suggest that task-oriented training with
visual feedback favors not only the execution of the task itself, but also the transfer of learning
into functional activities that share spatiotemporal characteristics during execution [35].

Based on these findings, the present study confirms the relevance of the application and
use of motor learning principles for the rehabilitation of people with neurological deficits. In
general, the reported neuroplastic changes in the central nervous system after injury are ac-
tivity-dependent and are strongly associated with the application of motor learning principles
in the rehabilitative setting
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Conclusions

The use of visual feedback during gait training has been widely investigated. However, some
studies that present significant findings have some limitations: most of them compare inter-
vention groups with conventional training and consider within the intervention additional
strategies that have been proven to enhance learning, such as massive and repetitive practice
and treadmill weight-bearing systems. This generates difficulties in determining the real effect
of visual feedback during training [18].

On the other hand, the nature, amount and frequency of extrinsic feedback play an im-
portant role in its effectiveness. However, it has not been possible to determine conclusively
which are the most appropriate and essential characteristics and types of feedback to favor
the learning process [36].

The results presented in this study evidenced a positive effect of robotic gait training with
visual feedback on gait speed in all participants in this research. Although the patterns of
change and the immediate effect was not the same in all participants, it does highlight an
improvement in the level of data during the intervention, demonstrating the importance of
visual feedback as a performance coach in rehabilitative training for gait training. However,
these should be viewed with caution, due to limitations derived from the non-replication of
phases within the study and the study design itself, which has limitations compared to con-
trolled clinical trials, such as sample size and the use of more extensive statistical analysis.

In relation to the results described, the lack of follow-up limits the possibility of describing
possible long-term effects derived from the intervention presented. Likewise, all participants
wandered independently prior to participation in the research, which makes it impossible to
generalize the results to another type of population that does not share this characteristic.

On the other hand, the design used in this research 1s a design that in recent years has
begun to be used and recognized in the rehabilitation sciences, so in most cases its reliability
and validity is unknown. Therefore, the reader is recommended to review it in depth in order
to understand how this type of design allows the generation of valid conclusions applicable
to clinical practice.
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