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Maximising locomotor independence following stroke remains a central goal of neurorehabilitation. Traditional manual techniques, while foundational, are insufficient
to fully restore locomotion independence. This paper offers an interpretation of published evidence regarding post-stroke rehabilitation and advocates for a construct
of hypothesis-driven approach combined with clinical observation that integrates readily accessible, technology-based precision training designed primarily to target the
paretic lower extremity. It emphasises using technologies capable of both assessment and collection of objective performance data over time, advocates for individualised
intervention derived from each patient’s baseline locomotion measurements and stresses the need for a quantitative, outcome-driven training program aimed at recovering
less dependent locomotion ability. The paper proposes a practical definition and description of independent and dependent locomotion and explores common barriers to
lrecovering independence in locomotion post-stroke. It presents the rationale and mechanisms that govern the selection of therapeutic technologies, including functional
electrical stimulation (FES), treadmills, and motorised plinth/tables that hypothetically support recovery of locomotion. The proposed novel composition of precision
locomotion training and the added value of incorporating effective and efficient hybrid technologies are highlighted as critical to the recovery of locomotion ability in

post-stroke rehabilitation.

Background

Stroke is a leading cause of long-term disability, with
impaired locomotion being a primary contributor to diminished
independence. Despite advances in physical therapy training
methods, many rehabilitation programs continue to rely
heavily on manual techniques and structured exercises aimed
at regaining standing balance and assisted ambulation.
Numerous publications report improvements in balance
and gains in walking speed and walking distance at the end
of training, for example, Ardestani, et al. [1]. Nonetheless,
many patients’ locomotor ability remains limited primarily
due to significantly impaired control of the paretic lower
extremity. Such limited control adversely affects the ability

to walk independently, but also stand up or negotiate stairs
and curbs without assistance. Maximal recovery of motor
control of the paretic lower extremity warrants a paradigm
shift toward technology-enhanced precision training [2]. This
precision-derived adaptive paradigm leverages technology-
based recording of objective data collected from each patient’s
locomotion performance. Moreover, using interpretation
of published stroke-related results, this paper offers new,
hypothetically driven precision training programs constructed
and modified based on repeated quantitative performance data.
The program focuses specifically on restoring the ability to
stand up and sit down, as well as increasing walking distance
and walking speed with and without human assistance or
assistive devices. Furthermore, the paper advocates for the
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utilisation of specialised technologies and methods that
enable the restoration of movement control of the paretic
lower extremity. The success of the proposed paradigm shift is
predicated on acceptance of a practical definition of locomotion
independence, on identification of available technologies and
the rationale for their selection, while hypothetically increasing
the likelihood of recovering better control of the paretic lower
extremity.

As defined in this paper, independent locomotion
encompasses the ability to ambulate without any assistive
devices such as orthosis or functional electrical stimulation
(FES) or dependence on hand support while walking. Similarly,
patients who survived a stroke should be able to perform sit-
to-stand and stand-to-sit transitions, loading on both lower
extremities from varied seating heights and navigate stairs
using a normal step-over-step pattern without assistance.
Reliance on hand support or assistive devices during
ambulation marks a transition from independence to partial
or full dependence on technology or human assistance or both
[3]. This dependence may evolve gradually or emerge abruptly,
reflecting a loss of locomotor autonomy. Current literature
offers only a rough estimate that about 73% of stroke survivors
continue to use hand support, while an unspecified number
continue to require human assistance to walk [4] More precise
data were reported by Wang and colleagues documenting that
of 65 patients who were dependent walkers, 33 (51%) remained
dependent on assistive devices at 3 months post-rehabilitation
[3]. The need to use a cane, quad-cane or hemi-walker is
predominantly associated with the aberrant control of both
timing and magnitude of activity of the paretic muscles of the
lower extremity.

Impaired control of the paretic lower extremity inevitably
limits its use during standing up and sitting down [5,6] as
well as during negotiation of stairs and curbs [7]. Specifically,
Warenczak-Pawlicka and Lewinski [5] used the 30s Chair
Stand Test and the Five Times Sit-to-Stand Test to examine
the ability of getting up and sitting down. They reported
significantly higher errors in positioning the paretic limb
while sitting on a chair and a lower average angular velocity of
the paretic knee joint compared to the non-paretic limb while
getting up from a chair. Overall, stroke survivors needed more
time and performed fewer repetitions of getting up and sitting
down while loading significantly less on the paretic lower
limb compared to the non-paretic limb. The adverse impact
of the paretic lower extremity on the ability to ascend and
descend stairs step-over-step is rarely mentioned in available
publications [8,9].

Rationale supporting paretic lower limb pre-
cision training

Technologies for precision training
Among available technologies that can be utilised in
precision training of the paretic lower extremity, this review

focuses on functional electrical stimulation (FES), motorised
treadmills, and motorised plinth/treatment table, all readily

available in most inpatient and outpatient clinics. These
technologies can provide objective quantification of each
patient’s baseline performance of ambulation, standing up-
sitting down, as well as ascending-descending stairs. The
selection of each technology is guided by current knowledge
of the neuromuscular and biomechanical impairments post-
stroke that can be reversed by these technologies. Improved
clinical outcomes specifically achieved by utilising FES and
a treadmill [10] as a hybrid intervention give credence to the
construct of achieving improved control of the paretic lower
extremity. Nonetheless, interpretation of studies such as those
reported by Al Abdulwahab, et al. [10] and Donlin’s group
[11] suggests that researchers focused on general rather than
individual patients’ precision training methods, thereby may
not have maximised the recovery of locomotion independence.
To develop a personalised approach to intervention, it is
necessary to describe the common impairments listed in Table
1.

A rationale supporting the utilisation of common
rehabilitation technologies is constructed through the
recognition of the adverse changes incurred in the paretic lower
extremity. One systematic review summarised available data on
the structural, pathological alterations seen in the paretic side
during the first year post-stroke. Common findings included
atrophy, loss of muscle force generation, transformation of
some type II fibres into type I fibres, decrease in fibre diameter,
apparent myofilament disorganisation, decrease in the number
and activity of motor units and abnormal presence of lipid
droplets and glycogen granules in the sub-sarcolemmal region
[12]. Other investigators found significantly smaller, atrophic
muscle mass of the ankle plantarflexors and dorsiflexors,
and markedly reduced ability to generate ankle joint torques
(moments). Changes in fascicle length, muscle thickness and
pennation angle of the paretic plantar flexors were likewise
reported [13]. Similarly, the ankle joint’s range of motion on
the paretic side was significantly reduced, particularly the
dorsiflexion range. Furthermore, the plantar flexors’ fascia
thickness was reportedly clearly greater, indicating shortening
of the connective tissues [14]. Some of the aforementioned
pathophysiological changes have been reversed by applying
functional electrical stimulation (FES) to the paretic lower
extremity [15,16].

Table 1: Impairments adversely affecting independence in locomotion.

While standing up and sitting down During walking

Difficulty placing the foot of the paretic lower  Inability to single limb stance on
extremity flat on the floor under the chair (need = the paretic lower extremity for
about 100 degrees of volitional knee flexion and 5 at least 1-2 sec (without hand

degrees of ankle DF support)
Ankle joint stiffness, less than 90 degrees Limited ankle joint passive or
(neutral) ROM active ROM

Quadriceps and plantarflexors weakness and loss Loss of muscle force generation
of motor control in PF and DF

Spasticity is mostly in the PF. Impaired balance during walking

Aberrant or loss of motor
synergy control
including slower reaction time

Aberrant or loss of motor synergy control
including slower reaction time

Impaired vision Impaired vision
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The pros and cons of FES

Among the primary advantages of FES is the ability to
induce contraction of paretic muscles better than all other
currently available technologies. Specifically, FES can induce
isometric, concentric and eccentric contractions, all needed
during locomotion. Additionally, FES is likely to enhance
peripheral arterial, venous, and lymphatic circulation, while
concurrently modulating peripheral, spinal, and brain neural
connectivity [15,17-19]. Furthermore, FES can be incorporated
and synchronised with other technologies, including treadmills,
robotics, and immersive gaming systems [18] throughout the
continuum of training, including the home environment.
During training, FES should be applied to induce contraction
primarily of the dorsiflexors, plantarflexors and hamstrings
during walking and to the plantarflexors, quadriceps, and
dorsiflexors when standing up and sitting down [6] or when
going up and down the stairs (Table 2).

The most notable disadvantages are the currently very high
cost of the more advanced wireless wearable FES systems, the
need to frequently replace the electrodes and repositioning
them correctly, particularly during home use. The limited
confidence of clinicians in how, when and why to apply FES in
clinical practice has been documented [20].

The pros and cons of treadmills

Many stroke survivors using a cane, ankle foot orthosis
(AFO), or both walk at a very slow speed ranging between
0.15 to 0.4 meters/sec. Following training, including using
treadmills or FES, they may improve speed only modestly by
10-20%. This limited success may be attributed to the legacy
approach of using a treadmill to promote cardio-pulmonary
fitness, not necessarily improving walking speed [1,21]. It is
well known that the faster stroke survivors can walk, the more
independent community walkers they likely to be at 6-month
post stroke [22] and less dependent on hand support or AFO.
Accordingly, using a treadmill to maximise recovery of walking
speed requires a different training program. This program
is tailored for patients wishing to walk in the community
without hand support, and it is based on the author’s many
years of utilising it clinically. Using a novel proposed training
construct, the patient attempts to walk on the treadmill at the
lowest speed while not holding the handrail for 1 minute. If
able to walk without holding the handrail (recorded as baseline
speed), the treadmill speed is increased by 0.1 mile/hour,
and the patient is trained to walk without hand holding at
the new speed. As illustrated in Figure 1, only a 5-10-minute
training session once a week may result in a dramatic increase
in walking speed without hand support. It is noteworthy that
the discussed program is hypothetical and not supported by
objective clinical evidence of efficacy at this time. Another
major advantage is the ability to improve walking and upright
balance by training stroke survivors to walk backwards [23].

The main disadvantage of the proposed precision speed
training is the required clinician supervision to ensure the
safety of the patient, which confines the training to a clinical
setting, thus adding to the cost of care.

Table 2: Selecting the most impaired muscles and the timing of applying FES.

While standing up and sitting T
down

Plantarflexors
Standing up (concentric)
Sitting down (eccentric)

Dorsiflexors (pre-swing-loading response)
Concentric to eccentric

Quadriceps
Standing up (concentric)
Sitting down (eccentric)

Plantar flexors (single limb support)
Isometric to eccentric

Dorsiflexors
Standing up (mostly isometric)
Sitting down (mostly isometric)

Hamstrings (mid swing-loading response)
Eccentric

Hamstrings Hip abductors (loading response-single limb
Standing up (mostly concentric) support)
Sitting down (mostly eccentric) Isometric

Figure 1: Training on a treadmill to maximise walking speed while learning to walk

without holding the rail. Baseline speed 0.13 m/sec (L) and after 20 sessions, 0.9 m/
sec, a 200% increase (R). Below, learning to walk backwards.

The pros and cons of an electrically powered plinth or
treatment table

Using an electrically powered plinth/treatment table
to train stroke survivors could not be found in scientific
publication. Yet, these technologies could be particularly
useful for training a stroke survivor to stand up and sit down
independently. Common biomechanical knowledge informs
that the higher the chair’s seat from the floor (measured in
cm or inches), the easier it is to stand up and sit down without
assistance. In the absence of a motorised plinth or table, many
stroke survivors depend on assistance from a clinician or
caregiver to be able to stand up. Conceptually, having a height-
adjustable training plinth can quantify the baseline height
from which each patient is able to stand up independently
without assistance while loading equally on both lower limbs,
and begin training standing and sitting from that height. Once
capable of independently completing the 30s chair stand test
or the five-time sit-to-stand test [5], the height is decreased
by 2.5 - 5 cm (1-2 inches), and training at the lower height
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continues until, over time, the patient hopefully can stand
and sit independently from a standard height chair (45 cm, 18
inches). The efficacy of the training program remains clinically
hypothetical and untested.

One caveat is the diminished loading on the paretic lower
extremity while standing up and sitting down [6]. To enable
more loading on the paretic side, the training is modified to
limit the loading on the non-paretic limb as illustrated in
Figure 2. In addition to having a motorised plinth/treatment
table only in a clinical setting, the main disadvantage is the
required clinician’s supervision to ensure the safety of the
patient, which confines the training to a clinical setting, thus
adding to the cost of care.

Figure 3: “Wall exercises”. Facing the wall and stepping forward with the non-paretic
limb, holding for a few seconds, then stepping back (L). Wall sliding single limb

. . . . .. loading on the paretic limb combined with FES of the quadriceps and plantarflexors
Pros and cons of using unpublished precision training ® g P q P P

termed “the wall exercises”

L. L. . . . Table 3: The “wall exercise” program, including suggested dosing.
Precision training using a house wall is a novel, hypothetical,

non-technology approach to uniquely address the inability of Task description

1. Stand facing a wall with both feet 30-40 cm

from the wall (measure distance). Hold the
non-paretic hand on the wall. Step with the

many stroke survivors to perform a single-leg stand on the
paretic lower extremity. The typical impairments leading to

Maintain
without a
15sec 10times  handonthe

such inability include diminished ability to generate adequate non-paretic foot and touch the wall with wall. Increase
muscle force, particularly of the plantarflexors, limited ankle the front of the shoe. Attempt to maintain t0 50 reps
dorsiflexion range of motion needed to step forward with balance in this position, then step back.
the non-paretic leg during walking, and the aberrant control 2. Stand facing a wall with both feet touching

p & & & the wall. Bend the paretic knee to as much =~ 2-5 . Increase to 50
of motor synergy among the flexors, extensors, evertors and knee flexion as possible. Hold 1-2 secand | sec 10 times reps
invertors, including slower reaction time. As illustrated in relax.
Figure 3, the training program can be practised in the clinic or 3. Wall slide. Stand with the back resting on

the wall. Have an equal weight load on the

in the home environment several times every day, potentially
feet. Bend knees to 20-30 degrees. Hold 15sec  10times

Increase to 50

increasing the training dose and the likelihood of regaining for a few seconds and extend knees to full reps
the ability of unassisted single limb stance on the paretic limb, extension.
minimising walking asymmetry and hypothetically may reduce 4. Wall slide. Stand with your back resting on
the chance of falls during ambulation. Table 3 offers a training the wall. Have the non-paretic foot placed
template for these exercises ahead of the paretic foot while the paretic
p : heel touches the wall. Bend knees to 20-30 ’ Increase to 50
degrees. Lift the non-paretic foot off the 15sec| 10times reps
. . . . . « . I~
W?nle n?vel, soTne cl}n1c1ans have 1ncorpora‘ted such' w.all ground and hold for 1-2 seconds. Extend
exercises” in practice without any known published objective the paretic knee and then place the non-
evidence of efficacy. Not having documented evidence renders paretic foot down.
the program hypothetical and challenges researchers and
clinicians to test this novel intervention. Summary

Recovering independence in locomotion post-stroke is likely
a goal of many stroke survivors. The offered training program
in this paper is based on “between the lines” interpretation
of multiple published studies using FES, treadmills, and other
post-stroke interventions, leading to a tentative hypothesis
that researchers and clinicians have not focused specifically
on the paretic lower extremity. Furthermore, specific training
programs to learn to stand up and sit down independently
using the paretic lower extremity, or how to maximise recovery
of walking speed, appear to be missing in published clinical
literature. This interpretive paper is a call for action to test
the hypothesis that a precision training program focusing
; . primarily on minimising the known post-stroke impairments
i i ‘ : ' and construct a training program to recover control of the
Figure 2: Training to stand up and sit down on a motorised height-adjustable paretic lower extremity during walking, standing and stairs
plinth, loading mostly on the paretic lower extremity synchronised with FES of the negotiation. If the program proves efficacious, it may lead to
markedly less dependent locomotion ability.

[#A]
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