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Background: Stroke is one of the major causes of chronic physical disability in the
United Kingdom, typically characterized by unilateral weakness and a loss of muscle
power and movement coordination. When combined with pre-existing comorbidities
such as cardiac disease and diabetes, it results in reductions in cardiovascular (CV)
fitness, physical activity levels, functional capacity, and levels of independent living.
High-intensity training protocols have shown promising improvements in fitness and
function for people with stroke (PwS). However, it remains unclear how intensity is
defined, measured, and prescribed in this population. Further, we do not know what
the optimal outcome measures are to capture the benefits of intensive exercise.
Aim: To understand how intensity is defined and calibrated in the stroke exercise
literature to date and how the benefits of high-intensity training in PwS are measured.
Methods: A rapid review of the literature was undertaken to provide an evidence
synthesis that would provide more timely information for decision-making (compared with
a standard systematic review). Electronic databases were searched (including Medline,
PubMed, CINAHL, and Embase for studies from 2015 to 2020). These were screened
by title and abstract for inclusion if they: (a) were specific to adult PwS; and (b) were
high-intensity exercise interventions. Eligible studies were critically appraised using the
Mixed Method Appraisal Tool (MMAT). The data extraction tool recorded the definition
of intensity, methods used to measure and progress intensity within sessions, and the
outcomes measure used to capture the effects of the exercise intervention.
Results: Seventeen studies were selected for review, 15 primary research studies
and two literature reviews. Sixteen of the 17 studies were of high quality. Nine of
the primary research studies used bodyweight-supported treadmills to achieve the
high-intensity training threshold, four used static exercise bikes, and two used isometric
arm strengthening. Five of the primary research studies had the aim of increasing walking
speed, five aimed to increase CV fitness, three aimed to improve electroencephalogram
(EEG) measured cortical evoked potentials and corticospinal excitability, and two
investigated any changes in muscle strength. Although only one study gave a clear
definition of intensity, all studies clearly defined the high-intensity protocol used, with
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most (15 out of 17 studies) clearly describing threshold periods of high-intensity activity,
followed by rest or active recovery periods (of varying times). All of the studies reviewed
used outcomes specific to body structure and function (International Classification of
Functioning, Disability, and Health (ICF) constructs), with fewer including outcomes
relating to activity and only three outcomes relating to participation. The reported effect
of high-intensity training on PwS was promising, however, the underlying impact on
neurological, musculoskeletal, and CV systems was not clearly specified.
Conclusions: There is a clear lack of definition and understanding about intensity and
how thresholds of intensity in this population are used as an intervention. There is also
an inconsistency about the most appropriate methods to assess and provide a training
protocol based on that assessment. It remains unclear if high-intensity training impacts
the desired body system, given the diverse presentation of PwS, from a neuromuscular,
CV, functional, and psychosocial perspective. Future work needs to establish a clearer
understanding of intensity and the impact of exercise training on multiple body systems in
PwS. Further understanding into the appropriate assessment tools to enable appropriate
prescription of intensity in exercise intervention is required. Outcomes need to capture
measures specific not only to the body system, but also level of function and desired
goals of individuals.
Keywords: stroke, exercise prescription, intensity, outcomes, international classification of function

INTRODUCTION

individuals presenting with diabetes as a comorbidity, resulting
in changes to insulin resistance and changes to blood cellular
biochemistry including the role of glucose transporter 4 (GLUT4)
in facilitating glucose uptake to maintain control of blood
glucose levels (10). These risk factors result in changes to CV
fitness at rest and during submaximal exercise. This includes
a reduced or preserved cardiac ejection fraction with reduced
cardiac output, a reduced stroke volume, increased difference in
arterial-venous oxygen levels, increased total systemic vascular
resistance, reduced skeletal muscle mitochondrial density, and
reduced skeletal muscle oxidative capacity (10–12).
These primary impairments post-stroke combined with
potential comorbidities result in a further reduction of functional
capacity through effects on metabolic function, immune and
hormonal profile, and bone mineral density (12). Furthermore,
this gives rise to a moderate to strong correlation with functional
performance and gait velocity (13), with some authors reporting
how a pathological gait of hemiplegia may have double energy
costs compared to those of a healthy subject (14).
Exercise and physical activity play an important role in
preventing and managing health conditions such as coronary
heart disease, type 2 diabetes, stroke, mental health problems,
musculoskeletal conditions, and some cancers. It also has a
positive effect on well-being and mood, providing a sense of
achievement or relaxation and release from daily stress (15).
Physical activity has been defined as any bodily movement
produced by skeletal muscles that requires energy expenditure.
This may be playing, working, active transportation, house
chores, and recreational activities (16). Social changes over the
last 40 years and the impact of disabling disease are among the
biggest factors affecting physical activity levels (17). This has

Worldwide, 15 million people suffer strokes each year of which 5
million die and another 5 million are permanently disabled (1).
Within the United Kingdom, a stroke occurs in individuals every
5 minutes, affecting over 100,000 people each year, who join a
population of 1.2 million people with stroke (PwS) (2). Stroke
remains the fourth highest cause of death in the United Kingdom
after dementia, ischemic heart disease, and respiratory disease.
A stroke occurs when there is a sudden insult to the central
neurological system because the blood supply to the brain
is impeded. It can lead to a number of physical, cognitive,
and psychological difficulties. Severe hemiplegia presenting as
unilateral paralysis of the arm and leg is the most common
physical symptom, which in 57.7% of cases affects the right side
of the body (3), with the upper limb being more severely involved
due to the high proportion of strokes involving the middle
cerebral artery (4). One week after the stroke, hemiplegia is still
present in 89.1% of PwS, while at 1 month, 72% of individuals
continue to experience unilateral weakness or hemiparesis (5).
After 6 months, the incidence of hemiparesis is observed in
at least 65% of PwS (6, 7). This paresis results in an inability
to generate muscle strength that leads to abnormal posture,
abnormal stretch reflex, reduced power production, and impaired
voluntary movement (6).
PwS commonly present with pre-existing comorbidities that
are already likely to compromise their CV function and fitness.
PwS and those experiencing myocardial infarction demonstrate
similar characteristics in relation to age of onset and prevalence of
hypertension, hypercholesterolemia, heart failure, diabetes, and
peripheral vascular disease (8, 9). Similar patterns are found in
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resulted in the need for supplementary exercise when physical
activity levels are low, with the Department of Health suggesting
that where 150 minutes of moderate exercise is not feasible, then
75 minutes of vigorous intensity activity, shorter durations of
very vigorous intensity activity, or a combination of moderate,
vigorous, and very vigorous intensity activity should be used
instead (18).
Exercise has become a long-term rehabilitation strategy for
PwS where a combination of strength training and aerobic
training has been demonstrated to increase functional capacity
in day-to-day living (19). The impact of exercise can be captured
using several outcome measures (20). The WHO International
Classification Functioning, Disability and Health (ICF) (21)
is a dynamic multidimensional classification of health and
health-related domains. It considers: (1) body functions and
structure (aspects of anatomy and physiology); (2) activities
(actions and tasks undertaken by an individual); (3) participation
(involvement in real-life situations); and (4) the environment and
personal factors that may influence an individual. Within the
healthy population, changes as a result of exercise intervention
are usually captured by looking for changes to body structure
and function, i.e., changes to ventilatory threshold and cardiac
functioning. More recently, exploring the use of the WHO ICF
(21) outcomes in clinical groups, has demonstrated a similar
picture with a focus on outcomes of body structure and function
and fewer outcomes focusing on activity and participation
levels (22).
Elmahgoub et al. (23) set out how CV exercise occurs over
three different intensity levels, low, moderate, and vigorous,
which are measured by the Metabolic Equivalent of Task (MET).
The effects of exercise at each intensity level result in a different
training effect, with changes to VO2 , blood pressure (BP), blood
lipid profiles, body mass index (BMI), blood glucose, mood, and
quality of life (24).
In clinical practice, the percentage of maximal heart
rate (MHR) or ventilatory threshold (VO2 ) is commonly
used to measure the intensity of CV training. Studies of
healthy individuals have commonly used an intensity range
from 70 to 95% of a MHR, ventilatory threshold, strength,
or lactate threshold to achieve fitness changes. It remains
unclear if using a lower range of 30–85% of MHR as
an intensity guide yields proportionally lower changes to
an individual (24, 25).
Higher intensity training has gained much popularity in the
last 10 years due to the short-term benefits to walking speed,
CV fitness, muscle strength, and changes to health biomarkers.
Laursen et al. (26) identified changes in muscle enzyme activity in
highly trained athletes, following high-intensity training. Despite
no change in oxidative or glycolytic enzyme activity, there were
significant improvements in endurance performance (p < 0.05).
They also identified how increases in skeletal muscle buffering
capacity may be one of the mechanisms responsible for an
improvement in endurance performance. Changes in plasma
volume, stroke volume, as well as myoglobin, capillary density,
and muscle fiber characteristics have yet to be investigated in
higher intensity training.
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Mangine et al. (27) and Schoenfeld et al. (28) explored
physiological changes to muscle physiology and structure
with high-intensity strength training. Strength-focused training
typically does not use MHR or VO2 as a guide for intensity.
Both strength-focused training and CV training rely on using
a percentage of maximal power of an individual or strength
production as a guide and working at a specific threshold
of maximal intensity. Mangine et al. (27) and Schoenfeld
et al. (28) identified changes to cross-sectional area, fiber
type and size, pennation angles, and collagen content when
comparing higher intensity with lower intensity training. They
concluded that these changes are the most likely mechanism
for improvement to fitness when compared with lower intensity
training, despite both forms of training giving similar changes to
metabolic functioning.
Optimal neuroplastic changes require a combination of
skill, aerobic, and strength-based training to influence changes
at cortical, subcortical, spinal, and peripheral levels of the
nervous system (29). During neurological training, increasing
the intensity of interventions appears to be one of the most
beneficial components to improving functional performance
(30). However, the definition of intensity, the aims of delivery,
and the measurement of intensity in neurological or skills
training is poorly understood and poorly standardized, when
compared with CV and strength training (31–35).
It remains unclear if the underlying anatomical and
physiological changes occurring during exercise as part of
rehabilitation intervention at higher intensity positively affect
all components of the WHO ICF framework. It also remains
unclear if changes to outcomes to body structure and
function (impairment), activities (limitations), or participation
(restrictions) are affected, and if so, how is this captured in PwS
(36).
Rapid reviews were introduced (37) to overcome a key
barrier to the use of research evidence in decision-making
(namely the delay in practitioners accessing and using research
syntheses). In order to make the review rapid and timely, it
restricts itself to studies that had been published recently (the
last 5 years for example), excludes non-peer-reviewed work and
unpublished/grey literature as well as avoiding non-English texts.
A rapid review typically uses one reviewer only and has an
optional quality assessment step (37, 38).
To date, there have been two systematic reviews covering
high-intensity exercise for PwS (39, 40), which looked solely at
what exercises were used in high-intensity training. Neither of
these gave a clear definition for intensity and did not explore
the aims of the intervention. This review therefore intends to fill
these gaps in the exploration of intensity. The aims of this review
are set out below:
1. Explore how intensity is defined within the exercise
interventions for PwS.
2. Document the aims of the exercise interventions for PwS
(e.g., cardiovascular function, muscle strength etc.).
3. Identify the methods/tools used to measure intensity during
the exercise interventions.
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TABLE 1 | Eligibility criteria for inclusion and exclusion and their justification.
Code

Inclusion

Exclusion

Justification for rapid review Haby et al. (37) and
Dobbins (38)

1

Peer-reviewed literature from 2015
onwards

Peer-reviewed papers prior to 2015
Unpublished/draft publications
Grey literature

Ensure up to date literature is reviewed and excludes literature that
has not undergone peer review.

2

Intensity-specific exercise intervention

Intensity not part of the intervention

Intensity only literature

Non-exercise specific
3

Describes method used to deliver
intensity

No description of the method used to deliver
intensity

Intensity delivery methods must be identified.

4

Stroke specific clinical group

Non-stroke population (health/other clinical
groups)

Review is specific to PwS and therefore other clinical groups and
non-clinical groups have been excluded.

Stroke data cannot be disaggregated from
other clinical populations
5

Participants 18 and over

Participants under 18

Excludes participants under 18 where physiological response to
exercise may differ.

6

Human studies

Not involving humans

Ensures findings are generalizable to human participants.

7

Articles written in English

Non-English articles

Avoids translation time and costs needed for foreign studies.

4. Document how studies prescribe intensity in the exercise
interventions for PwS and how intensity is monitored
during exercise.
5. Identify outcome measures used to capture change as a result
of exercise training in stroke and whether these are mapped
across the WHO ICF constructs.

TABLE 2 | Example of search strategy including concepts, key words and
MeSH terms.
Concept A

Concept B

Concept C

MeSH Subject
heading

MeSH Subject
heading

MeSh Subject
heading

MeSH “Exercise+ or
Activity+”

MeSh “Stroke+ or
Cerebral
Haemorrhage+”
Stroke* or CVA or
cerebrovascula*
acciden*

MeSH “Intensity or
intense”

OR

OR

OR

Keywords

Keywords

Keywords

Physica* activ* or
physical exert* or
exercis* therap*

post stroke or
cerebrovascular or
cerebral hemorrhage or
cerebral vascula*

High-intensity or
High-intensity interval
training or HIIT or
Moderate intensity
interval training or MIIT

OR (specific terms
for types of exercise)

OR (result of or
impact outcomes of
stroke)

OR (Less commonly
used)

Exercise* or train* or
strength* or strength*
or isometric* or
aerobic*. or endurance*
or weigh* resist* or train
or run*or job*. or walk*.
or resistance* train* or
Program*

TIA or transient isch* or
infarct*or brain
isch?emi* or aphasi*,
Heminopia, Cognition?

METHODOLOGY
This study used guidance on the methodological process for a
rapid review from Haby et al. (37) and Dobbins (38). The rapid
reviews involve one reviewer and use strict eligibility criteria
when selecting articles.
The sequential steps for this review are based on the Search,
Appraisal, Synthesis and Analysis (SALSA) elements (41):
• Systematically search the literature and identify appropriate
papers for the rapid review.
• Appraise the quality of papers using an appropriate quality
assessment tool.
• Synthesize the content to identify themes and patterns.
The eligibility criteria followed those of Haby et al. (37) and
Dobbins (38) and can be viewed in Table 1.
Four databases (Medline, Pubmed, CINAHL and Embase)
were searched in November 2020. Searches were restricted from
January 2015 to November 2020.
A building block approach (42) identified search terms
for each concept. The concepts were: exercise (Concept A);
stroke (Concept B), and intensity (Concept C). The search
strategy comprised:

Search set A

(a) Terms to describe stroke
(b) Terms to describe exercise
(c) Terms to describe intensity

AND Search set C

MeSH, keyword, and specific term searches were completed.
The Boolean operators AND and OR were to be used,
alongside phrase, proximity, and truncation operators dependent
on the database used. The search syntax was adapted for

These are shown in Table 2.
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functional outcomes, and patient reported outcome
measures (PROM)]
• How intensity is prescribed in PwS
• Outcome measures used to quantify the effect of exercise at
various intensities on the body (resting HR and BP, blood
lipid profiles, VO2 max, 6-min walk test (6 MWT), shuttle run
test, etc.)

each information source and controlled vocabulary terms used
where available.
Screening of papers on title and abstract was undertaken by
the first author to identify those that met the inclusion and
exclusion criteria. The first author then excluded papers by
reading the full text. Ten of the papers excluded were sent to a
second author (KS) for verification.
The extraction tool was developed and piloted by the first
author (GC) on 10% of the papers. These were then checked and
agreed by a second reviewer (KS).
The extracted data included basic information (authors,
year of publication, type of paper, and location). In addition,
more specific information to achieve the review outcomes
included finding:

Full-text articles identified as eligible during screening were then
assessed for quality using the Mixed Methods Appraisal Tool
(MMAT) (43). Papers were not excluded on the basis of the
quality assessment. The quality assessment of studies provided an
indicator of the robustness of the studies included in the review.
Narrative synthesis, with supporting tabular synthesis, drew
together the information on:

• Definitions of intensity
• Which body system the exercise was aimed at (e.g., CV system,
muscular system, or neurological system)
• Measurement tools used in the assessment of intensity
[maximal ventilation (VO2 max)/gas exchanges testing, rate
of perceived exertion (RPE), HR, repetition maximum,

• Homogeneity or heterogeneity in the terms used to define
intensity within papers collected.
• Methods used in the testing and assessing fitness in PwS.
• Clarity of exercise-intensity prescription when used as an
intervention and rehabilitation technique.

FIGURE 1 | Prisma flow diagram.
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common intended training effect was improved walking speed
using bodyweight supported treadmill training, used in 14 of
the 17 (82%) studies (39, 40, 44–49). Improved CV fitness was
used in 13 of the studies (76%) (39, 40, 44, 50–53). Changes to
brain activity measured by an electroencephalogram (EEG) was
reported in 5 (29%) of the 17 studies (47, 50, 54–56).

• How intensity impacts on changes to outcomes and what
outcome measures within the constructs of the WHO ICF
framework were commonly used.

RESULTS
Database searches found 129 records with an additional six
from a reference list review. After duplicates were removed,
106 records were screened and 48 were screened by title and
abstract for full-text eligibility assessment, leaving 17 articles for
the purpose of this review. Of the articles excluded, 12 were nonstroke-related, 6 did not involve humans, 8 were not intensityspecific, 4 were non-exercise-specific, and 1 was only available in
Chinese. A full breakdown of this process is included in Figure 1
(PRISMA flow diagram).
The 17 articles were subjected to MMAT evaluation; eight
were quantitative non-randomized controlled trials (RCTs), eight
were quantitative RCTs, and two were qualitative reviews of the
literature. Eleven papers came from the Unites States, two from
Canada, and single records from Norway, Germany, Denmark,
China, and Italy. Participant numbers ranged from 6 to 36 in the
primary studies reviewed.
The MMAT quality assessment indicated that all the articles
had clear research questions, appropriate and clear data
collection methods to address the question and approach,
interpretation of the data, and coherence during the analysis and
synthesis. Only one of the RCTs (44) failed to identify if assessors
were blinded for the process.
Table 3 summarizes the findings from the included studies.

Methods Used in Testing and Assessing
Fitness in PwS
Intensity assessment was achieved using a graded exercise test
(GXT) in 11 of the 15 (73%) primary research studies to obtain
a predicted maximal oxygen consumption (VO2 ) and MHR
measure (44, 45, 54, 57) and age-predicted MHR calculation
(45, 48, 49, 54, 56). Two used maximal strength testing (55, 58),
one used a home-based walking test and RPE to establish exercise
effort (52), and one used age-predicted values for MHR and VO2
(56). Both of the review studies (39, 40) shared consistent findings
with the primary studies in this review for the methods used to
assess intensity level for interventions.

Intensity Prescription and Within-Session
Monitoring
All primary research studies used high-intensity exercise
prescription with the effects captured over a maximum of 3
months (45). The two systematic review studies were consistent
with this finding. Intensity progression within studies was
prescribed most commonly using walking speeds (10 of 17
studies) (39, 44, 46–48, 50, 51, 56, 58). The RPE using the
BORG 6-20 scale was used as a method of prescribing exercise
intensity in 6 (29%) of the 17 studies (45, 47–49, 54, 56), while
only one study used mixed methods for intensity prescription
combining walking speed, percentage VO2 , and recovery interval
timings (39).
The monitoring of within-session intensity exercise using
MHR was the most common method employed (10 studies)
(44, 45, 47–49, 51, 54, 56, 57). The use of RPE and BORG 620 scales were also commonplace (nine studies) (44, 45, 47–
49, 52–54, 56). Neither of the systematic review papers in
this review reflected on the within-session monitoring methods
during exercise interventions.

Homogeneity and Heterogeneity
The definition of intensity was only identified in one paper as “the
work rate, effort level, or metabolic demand of aerobic activity
quantified by heart rate, rate of oxygen consumption, rating of
perceived exertion and/or walking speed” (45).
Collectively, the reviewed studies identified working at or
above 80–90% of MHR, VO2 , or one repetition maximum
of an individual classifies as a high-intensity intervention,
where moderate intensity was aimed toward 40–60% of these
physiological outcomes. This does vary between studies and does
not always consider rest intervals or ratio as used in Boyne et al.
(44). The studies found by this review all focused on higher
intensity exercise interventions. This may reflect the current
trend in researching potential health benefits of higher intensity
exercise for clinical and non-clinical groups when compared with
lower intensity training (27, 28).
All of the primary research studies identified clear objectives
for how they used high-intensity training protocols. Munari et al.
(45) was the only study that discussed and defined intensity and
the impact of intensity on participants. Neither review study (39,
40) provided definitions of intensity but shared similar findings
to the primary research studies in relation to the intensity levels
used in high vs. moderate exercise interventions.

Outcome Reporting
All of the primary research studies used outcome measures
relating to body structure and function (as defined in the
WHO ICF checklist) including VO2 , HR, BP, blood lipids,
blood biomarkers, interleukins, corticospinal excitability, and
electromyography. Of these, Högg et al. (58) and Krawcyk et al.
(52) used outcomes identified by Salter et al. (36) as reliable, valid,
and responsive to change in PwS. Table 4 shows the outcome
measures and how they line up with the WHO ICF constructs.
Five studies (51, 54–57) failed to use outcome measures
related to activity, 12 (70%) used the 6 MWT, 5 (29%) used 10meter walk test (10 MWT), and 4 (12%) used walking speeds
obtained from the treadmill.
Four studies used outcome measures relating to participation
(45, 48, 52, 58), of which two measures were recommended by
Satler et al. (36), the Stroke Impact Scale and Short Form−36.

Desired Training Effects
Multiple desired training effects were sought in primary studies
and reviewed in both of the systematic review studies. The most
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TABLE 3 | Summary results of included papers: type of study, training effect, methods for increasing intensity.
Journal

Date

Location

Type of
study*

Intended training
effect

Method of
assessing
intensity

Method of
monitoring intensity
within session

Methods to
progress
intensity

Aaron et al.

Feasibility of single session
high-intensity training utilising speed
and active recovery to push beyond
standard practice.

Topics in Stroke
Research

2018

USA

Quant
Non-RCT

Walking speed

Walking speed on
treadmill

Walking speed and
quality

Incremental
walking speed

Abraha et al.

A bout of high-intensity interval
training lengthened nerve conduction
latency to the non-exercised limb in
chronic stroke.

Frontiers in
Physiology

2018

Canada

RCT

Cardiovascular
(CV) fitness,
strength, upper
limb function and
cognitive timing

Maximum (VO2 )
max testing

%VO2 max

Increasing %VO2
and walking
gradient

Boyne et al.

Within-session responses to
high-intensity interval training in
chronic stroke.

Clinical Sciences

2015

USA

Quant
Non-RCT

CV fitness and
walking speed

(GXT) for MHR for
MHR and VO2

Walking speed and %
maximal effort from %
of GXT

Increasing walking
speed and
gradient

Carl et al.

Preliminary safety analysis of
High-intensity interval training (HIIT) in
persons with chronic stroke.

Applied
physiology,
Nutrition and
Metabolism

2016

USA

Quant
non-RCT

Safety

GXT for MHR and
VO2

ECG

Reduced recovery
times

Crozier et al.

High-intensity interval training after
stroke: an opportunity to promote
functional recovery, cardiovascular
health and neuroplasticity.

Neurorehabilitation
and Neural Repair

2018

Canada

Qualitative
review

CV fitness and
walking speed

VO2 max testing
and walking speed

N/R

Variation of
increasing %VO2
max, walking
speed, recovery
time

Gjellesvik
et al.

Effects of high-intensity interval
training after stroke (The HIIT stroke
study)

Archives of
physical medicine
and rehabilitation

2020

Norway

RCT

CV fitness

VO2 max testing

% MHR

Increasing walking
speed and
gradient

Högg et al.

High-intensity arm resistance training
does not lead to better outcomes that
low intensity resistance training in
patients after sub-acute stroke

Journal of
rehabilitation
medicine

2020

Germany

RCT

Upper limb
strength and
function

1 Repetition
Maximal (RM)
functional strength
testing for upper
limb

Range of motion and
repetitions completed

Increasing range
of motion and
repetition until
achieving 15

Krawcyk et al.

Effect of home-based high-intensity
interval training in patients with
lacunar stroke.

Frontiers in
Neurology

2019

Denmark

RCT

CV fitness, meatal
health and
well-being, Body
mass index and
activity levels

Talk testing

RPE (BORG 6-20)

RPE (BORG 6-20)

Leddy et al.

Alterations in aerobic exercise
performance and gait economy
following high-intensity dynamic
stepping training in persons with
sub-acute stroke.

Journal
neurological
physical therapy

2016

USA

RCT

CV fitness and
walking speed.

GXT testing for
MHR and VO2

%MHR, gait quality,
RPE (BORG 6-20)

%MHR and RPE
(BORG 6-20)
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TABLE 3 | Continued
Journal

Date

Location

Type of
study*

Intended training
effect

Method of
assessing
intensity

Method of
monitoring intensity
within session

Methods to
progress
intensity

Li et al.

A short bout of high-intensity exercise
alters ipsilesional motor cortical
excitability post stroke.

Topics in Stroke
Rehabilitation

2019

USA

Quant
non-RCT

Brain activity

Age predicted
calculated MHR

%MHR and RPE
(BORG 6-20)

Progressive
walking speed to
achieve target
%MHR

Luo et al.

Effects of high-intensity exercise on
cardiovascular fitness in stroke
survivors.

Annals of Physical
and rehabilitation
medicine

2020

China

Qualitative
review

CV fitness and
walking speed.

Not discussed

N/R

N/R

Madhavan
et al.

Effects of single session of
high-intensity interval treadmill training
on cortical excitability following
stroke.

Journal of neural
plasticity

2016

USA

Quant
non-RCT

Brain activity and
walking speed.

10-meter times
walk

%MHR, RPE (BORG
6-20), blood pressure

10% increase in
walking speed if
able to tolerate
previous session

Madhaven
et al.

Effects of High-intensity speed-based
treadmill training on ambulatory
function in people with chronic stroke:
A preliminary study with long term
follow up.

Scientific Reports

2018

USA

Quant
Non-RCT

Walking speed

Age predicted
calculated MHR
and 10-meter walk
test

%MHR, RPE (BORG
6-20) and gait quality

Progressive
increase from 50%
walking speed
until exceeding
80% MHR or gait
disturbance

Mahtani et al.

Altered sagittal and frontal plane
kinematics following high-intensity
stepping training versus conventional
interventions in sub-acute stroke.

Physical Therapy

2017

USA

RCT

Walking quality of
movement

Age predicted
calculated MHR
and RPE (BORG
6-20)

RPE (BORG 6-20),
%MHR and BP

%MHR and RPE
(BORG 6-20)

Munari et al.

High-intensity treadmill training
improves gait ability, VO2 and cost of
walking in stroke survivors:
preliminary results of a pilot RCT.

European Journal
of Physical and
Rehabilitation
Medicine

2018

Italy

RCT

Walking quality of
movement

Age predicted
calculated MHR
and Borg 6-20
PRE

%MHR and RPE
(BORG 6-20)

%MHR and RPE
(BORG 6-20)

Nepveu et al.

A single bout of High-intensity Interval
training improved motor skill retention
in individuals with stroke.

Neurorehabilitation
and Neural Repair

2017

USA

Quant
non-RCT

Brain activity.

GXT for MHR and
VO2 with age
predicted MHR

%MHR and RPE
(BORG 6-20)

Participants
working at 100%
maximal walking
speed- no
progressions
made

Urbin et al.

High-intensity unilateral resistance
training of a non-paretic muscle
group increases active range of
motion in severely paretic upper
extremity muscle group after stroke.

Frontiers in
Neurology

2015

USA

Quant non
RCT

Brain activity,
strength and range
of motion

1RM for isometric
resistance strength

ROM and observed
fatigued onset

Increasing range of
motion and %1RM
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*Using MMAT definition.
N/R, Not reported; quant, quantitative; RCT, Randomized Control Trail; GXT, Graded Exercise Testing; RPE, Rate of Perceived Exertion; MHR, Maximal Heart Rate; VO2 , Ventilatory oxygen threshold; RM, Repetition Maximum; BP, Blood
pressure; CV, cardiovascular.

Stroke Exercise Intensity Prescription Outcome

Paper title
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First name
author
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TABLE 4 | Outcomes measure linked to WHO international classification of functioning, disability, and health constructs.
First name author

Outcomes to measures used and relation to WHO ICF checklist
Body structure and function

Activity

Maximum ventilatory threshold (VO2 ), Heart Rate (HR), Motor
Evoked Potentials (MEP), Corticospinal Excitability (CSE), grip
strength

Box and block test

Walking speed on treadmill

Aaron et al.
Abraha et al.

Participation

Walking speed on treadmill

Boyne et al.

Exercise tolerance (completion of the 20 min session), VO2 , HR

Carl et al.

Electrocardiogram (ECG)

Crozier et al.

VO2 , HR, MEP, Blood Pressure (BP)

Gjellesvik et al.

VO2 , BP, Blood profiles including High Density Lipoproteins (HDL),
triglycerides, Glycated Haemoglobin (HbA1c), C-peptides

Högg et al.

Grip strength, Motricity index,
Fugl-Meyer assessment, modified ashworth scale

Goal Attainment Scale (GAS)- specific
to activity of an individual,
Box and block test

GAS- specific to
participation of an individual

Krawcyk et al.

Endothelial function (plethysmography), hyperaemia index, HR and
augmentation index, BP, multiple biomarkers (Pro-adrenomedullin,
Pro-atrial natriuretic peptide, inter leukin 6, Tumour necrosis factor,
ICAM-1 protein, VCAM-1 Biomarker, vascular endothelial growth
factor. BMI. Multidimensional Fatigue Inventory (MFI-20
questionnaire), Major Depression Inventory (MDI), World Health
Organisation Five well-being (WHO-5), Chronic stress Ull-meter,
Montreal Cognitive Assessment, Metabolic Equivalent of Task
(MET) calculations from activity and HR measures,

Daily steps using accelerometer

Physical activity levels via
Physical Activity Scale V2

6 MWT

6-min walk test, 10 MTW,
Berg balance test

Leggy et al.

VO2 , MHR, oxygen cost walking from VO2

Li et al.

EMG, TMS

Luo et al.

VO2 and VO2 peak, pain VAS, injury rates

6 MWT, 10 MWT, Falls frequency,

Madhavan et al.

Electromyography (EMG), Transcranial Magnetic Stimulation (TMS)

walking speed, 10 m walk

Madhaven et al.

HR. BP

10-meter timed walk, 6 MWT

Mahtani et al.

HR, BP, Range of motion

Stepping symmetry, gait speed,

Munari et al.

VO2 , oxygen cost of walking, HP, BP,

10 MWT, 6 MWT, TUAG

Nepveu et al.

TMS for CSE and Intra Cortical excitability, MVC,

Urbin et al.

EMG, TMS, range of motion,

Stroke Impact Scale (SIS)
SF-36 and SIS

Outcomes in bold and underlined represent those specific to stroke from the ICF WHO Evidence Based Review of Stroke Rehabilitation (EBRSR) as identified and reviewed in (36).
Bold represent outcomes from the ICF used in PwS.

muscle strength, increase functional capacity, or to increase
brain activity.

Six studies (45, 48–50, 53, 58) used outcome measures
identified in Salter et al. (36), the most common of
these being the 6 MWT. Only one of the systematic
review studies (39) explored outcomes specific to PwS in
exercise interventions. They also found that the 6 MWT
was the most commonly used outcome and suggested
this was due to the practicality and functional relevance
for PwS.
Munair et al. (45) was the only study to explore the safety
surrounding the use of high-intensity training intervention
in stroke. Safety appeared to be supported in all studies as
there was no mention of adverse events or dropouts of study
participants. Neither of the systematic review studies explored
safety issues.

Homogeneity or Heterogeneity in Defining
Intensity
All of the studies identified clear objectives and protocols of
how they used high-intensity training. Munari et al. (45) was
the only study that discussed and defined intensity and the role
of intensity in interventions as the work rate, effort level, or
metabolic demand of aerobic activity quantified by HR, rate
of oxygen consumption, rating of perceived exertion, and/or
walking speed. Despite various definitions of intensity in exercise
interventions in non-clinical groups, there was no clear definition
of intensity during exercise intervention in PwS. It remains
unclear if defining intensity shares similarities or differences if the
exercise intervention is aimed at a specific body system such as
CV system compared with interventions aimed at improvements
in a functional task such as walking speed.

DISCUSSIONS
This review has appraised a range of high-intensity interventions
for PwS, which aim to increase CV fitness, improve
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The Body System the Intervention Was
Aimed At

classifies as a high-intensity intervention. It may be that a
variety or combination of methods could be used to ensure
sessions are high in intensity (39) and would be similar to
periodization programs described by Lorenz et al. (60), where
intensity of sessions is progressed in an undulating linear fashion
allowing deloading or recuperation days. However, there was
a lack of standardization for developing high-intensity training
protocols. Different methods may create different outcomes
or more specifically, certain methods used to create highintensity sessions could be tailored depending on individuals
pre-assessment fitness and ability findings. Eng et al. (13) and
Flansbjer et al. (61) highlighted the importance of muscle
strength in the performance of functional tasks and specifically
correlations between lower extremity muscle strength and gait
performance and how this relates to an increased perceived ease
of participation during functional tasks.
No studies considered the long-term (more than 3 months)
effects of short duration high-intensity training compared with
the long-term effects of lower intensity longer duration training
or higher volume training. In healthy adults, high-intensity
strength-based training interventions and high-intensity
anaerobic interventions demonstrate changes to body structure
and function sharing similarities to aerobic training in relation
to molecular signaling pathways (20). They also cause changes
to muscle structure relevant to the stroke population such
as improved pennation angle and sarcomere development.
Future studies on exercise in stroke would benefit from
investigating long term follow-up and combined interventions
at various intensities to optimize protein synthesis and muscle
architecture, potentially further enabling functional capacity
in PwS.

Primary studies in this review and the two systematic review
studies all had a key aim for exercise. This varied from improving
CV fitness through changes to MHR or VO2 (44, 50), improving
functional capacity through changes to walking speed (47, 48),
and changes to brain activity via increased cortical firing rates
(54). None of the studies sought to establish whether changes to a
body system such as CV fitness actually resulted in improvement
to function, or whether training a functional task such as
walking would have differential impacts on the neurological,
musculoskeletal, or CV systems.
Findings relating to intervention aims to support the Specific
Adaption to Imposed Demands (SAID) principles identified in
Sale et al. (59). These principles identify how the human body will
adapt to any demand whether the stressor is biomechanical such
as muscular, CV, or neurological. This can be observed in all of
the primary studies that used treadmill training (44, 46–49, 53),
where there is an identified improvement to walking function,
but not necessarily changes in muscle strength, CV fitness, or
motor potential.

Methods Used in the Testing and
Assessing Fitness in PwS
The assessment of intensity in studies ranged from the gold
standard in healthy populations VO2 max testing (50) to graded
exercise testing (44), RPE (53), and the talk test (52). Using graded
exercise testing, percentage MHR from age-predicted value or
obtained from GXT and RPE as assessment procedures are more
practical and transferable to clinical practice. The studies were
not consistent with their choice or reasoning for the assessment
tool used. It was also unclear if using an assessment intervention
such as percentage MHR or RPE using the BORG 6-20 scale
showed any correlation with ability to achieve a percentage MHR
in activities such as treadmill walking. No account was taken of
other limiting factors e.g., lower limb strength rather than the CV
demand of walking.
There was no clear consensus about an appropriate method
for capturing baseline fitness of an individual. This was
demonstrated by Munair et al. (45) who discussed intensity
and its role in exercise prescription and how this needs to be
specifically aimed at the appropriate body structure, functional
task, or energy system the exercise intervention is being aimed at.
They also discussed how other systems such as muscular strength
or power may limit an individual reaching the desired level of
intensity from a CV perspective.

Within-Session Monitoring of Intensity
Within-session monitoring of individuals appeared appropriate
to the intervention. Studies using a CV intervention such as
treadmill training or cycling would typically use CV markers
such as HR or VO2 calculations as a guide. RPE was one of
the most commonly used methods with studies selecting the
BORG 6-20 scale. Of the 17 included papers, only Krawcyk
et al. (52) discussed the methods used to calibrate RPE (using
the BORG 6-20 scale) and how this correlates to HR. None
of the studies discussed the possible issues surrounding the
inter-rater reliability of using a subjective perceptual scale,
or if the perceived effort score is related to dyspnea or
muscle fatigue.
The majority of the studies used a CV intervention to create
changes to the CV system thereby increasing the functional
capacity to walk further or more quickly. Some studies have
used CV high-intensity training to investigate the benefits of
brain activity by increasing cerebral blood flow (55, 56). Studies
typically use electroencephalography (EEG) and transcranial
magnetic stimulation (TMS) to evaluate the changes to brain
activity. Both failed to evaluate if the intensity needed to
create this change from a CV intervention was sufficient or
appropriate for increasing brain activity as it was for increasing
CV fitness.

Protocols for Exercise-Intensity
Prescription
A variety of methods were used to deliver an intensive
intervention. These included achieving target percentage MHR
or VO2 (53), percentage maximal walking speed (45), percentage
of one repetition maximum (58), or adjusting recovery periods
to a ratio or working intervals (44). There was some consistency
in papers reviewed that working at or above 80–90% of
MHR, VO2 , or one repetition maximum of an individual
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How Intensity Impacts of Changes in
Exercise Intensity and How these Relate to
Outcomes Within the Constructs of the
WHO ICF Framework

potential intervention benefits on neuroplasticity, strength, and
CV fitness in programs treating PwS. Neurological training
specifically lacks an appropriate methodology to measure
intensity during skill training (19) and as a consequence,
potential neuroplastic gains made through skill or sensory-motor
training, strength training, and CV training in individuals may
not be optimal.
Due to the high-intensity nature of the studies used in this
review and lack of short term follow-up, it remains unclear if
increasing the intensity of exercise provides any significant longterm physiological, physical, or psychological benefits to PwS
over and above high volume-low-intensity training. None of
the studies in this review identified how individuals need the
sufficient support systems such as the neurological function and
muscle power to participate in varied CV-based interventions,
something that is taken for granted in non-clinical groups or
clinical groups who do not have significant physical impairments.
Furthermore, rigorous assessments of all body systems would
allow for an appropriate selection of assessment tools to establish
tailored intensity levels or thresholds for the desired body
system. Methods of monitoring the intensity of the session
specific to the intervention and using specific and sensitive
outcome measures to detect changes at all levels of the ICF is
key. More specifically, the need to identify benefits tailored to
an individual.
This review has identified that changes to mood and quality
of life can be related to the physiological changes brought about
by the exercise component. None of the reviews acknowledged
the potential social benefits of exercise participation, which might
bring about improvements to mood and quality of life (57).
This review also did not identify how additional strength gains
may not be associated with further improvement in an activity
(5). Strengthening beyond the functional needs of an individual
may be of value for establishing a functional reserve rather than
further improvement in current performance at a functional
activity. This may also be the case with neurological/skill training
and CV-based training (64).

All of the studies considered the use of outcome measures related
to the body structure and function. This has been defined in
the ICF checklist as the anatomical parts of the body and the
physiological functions of body systems. These measures are
keys for identifying the changes to CV fitness, muscle strength
changes, and cortical excitability. While these changes may be
of importance to elite athletes who are looking for the smallest
of changes in competition, changes to functional activity and
participation are thought to be more important to PwS (62).
Outcome measures relating to activity and participation have
been defined in the ICF checklist as the execution of a task or
action by an individual i.e., stair climbing and the involvement
of those tasks in real life situation i.e., climbing the stairs three
times a day to use the toilet. This challenges the applicability
of the studies for rehabilitation as their outcomes were not goal
centered for PwS. None of the studies reviewed considered using
this approach and despite the best efforts to ensure individuals
are exercising at a specific intensity, it may be challenged that
individual motivation may vary and could impact on their
participation effort.
Stroke specific, validated outcome measures were used in eight
of these studies. Salter et al. (36) assessed reliability, validity,
and responsiveness of outcome measures in stroke. This review
found functional testing such as the 6 MWT and Timed Up and
Go (TUG) test were the most commonly used. Using outcome
measures such as these, which may be more reliable, valid, and
responsive and maybe more meaningful to the participant, might
capture greater improvement from the intervention. None of the
studies reported whether there was any education provided to
the participants to help them understand the benefits of higher
intensity training protocols.
All of the studies demonstrated a beneficial effect for highintensity training on body systems, activities, and outcome
measures. The limited use of functional outcome measures may
be a factor in compliance and motivation in interventions.
Högg et al. (58) used goal attainment scaling (GAS) of
individuals to allow the individuals to select appropriate goals
for fitness/activity/movement improvements. Sixty percent of
the higher intensity and 55% of the moderate intensity group
achieved their participation-specific GAS outcomes. All groups
increased in grip strength and most experienced no changes
to spasticity.
While there was an identified need to use a harness in
walking intervention as a safety precaution, there was minimal
discussion about safety and the need to tailor exercise to meet
the specific needs of each individual with stroke, and there was
no record of how the needs of PwS were addressed when there
were issues.

CONCLUSIONS
This review has explored the use of intensity in exercise training
intervention for PwS, and how this varies depending on the
desired effect on the body system or task-specific activity. The
tools most employed to gauge exercise intensity and that can
be translated to clinical practice for monitoring intensity are
MHR and BORG RPE. Despite this, there is a lack of consensus
about how to define exercise intensity across CV, muscular
strength, neurological, and functional skill training, and how this
is applied in a meaningful way to PwS to optimize the benefits. A
clear understanding of intensity is essential to focus the desired
training effect required in exercise interventions and improve the
prescription of intensity by therapists and exercise prescribers.
More focus on the desired effect would allow the appropriate
intensity training methods to be selected and consideration given
to whether longer duration, moderate intensity training should
be combined with higher intensity training for optimal benefits.

Comparison to Previous Literature
Nichols et al. (63) report that exercise intensity in cardiac
rehabilitation programs can be suboptimal. This may limit

Frontiers in Rehabilitation Sciences | www.frontiersin.org

11

September 2021 | Volume 2 | Article 722668

Church et al.

Stroke Exercise Intensity Prescription Outcome

AUTHOR CONTRIBUTIONS

A thorough understanding of the needs of the PwS, specifically
the multidimensional issues they present with, is required in
order to tailor the intensity, type of exercise, and methods of
training. Although not covered in this review, the need for
education related to the intervention needs to be considered
when selecting outcome measures. This includes the exercise
desired effects at a physiological level and how this can be used
to improve meaningful outcomes such as skill reacquisition. This
can then be used to allow PwS to see how these benefits can
impact on the achievement of everyday tasks and furthermore
into the reintegration into social participation.
Finally, we need a better understanding of the timescales
required for exercise interventions to make the desired changes
in PwS. It is unlikely that single bout interventions are able
to provide a meaningful snapshot of the actual benefits of
varied exercise-intensity interventions. Additionally, if there are
superior health-related benefits with higher intensity training,
further consideration is need about the effect on long-term
adherence compared to lower intensity exercise interventions
in PwS.

GC, KS, AA, and CS: conceived and designed the study. KS, CS,
and AA: critical review of paper. GC: writing of paper, analysis,
interpretation of findings, and conducting literature searches. GC
and KS: piloting data collection and quality measure. GC, CS, and
KS: inclusion and exclusion process. All authors contributed to
the article and approved the submitted version.

FUNDING
GC was funded by Health Education England (HEE)/National
Institute for Health Research (NIHR) on a Pre Doctoral Research
Fellow (NIHR300426).

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fresc.
2021.722668/full#supplementary-material

REFERENCES

14. IJmker T, Houdijk H, Lamoth CJ, Jarbandhan AV, Rijntjes D, Beek PJ, et al.
Effect of balance support on the energy cost of walking after stroke. Arch Phys
Med Rehabil. (2013) 94:2255–61. doi: 10.1016/j.apmr.2013.04.022
15. Department of Health (DOH). New Physical Activity Guidelines (2011).
Available online at: https://www.gov.uk/government/news/new-physicalactivity-guidelines (accessed September 10, 2020).
16. Bouchard C, Blair SN, Haskell WL. Physical Activity and Health. Leeds:
Human Kinetics (2012).
17. Vuori I. Physical inactivity is a cause and physical activity is a remedy for
major public health problems. Kinesiology. (2004) 36:123–53.
18. UK Chief Medical Officer. Physical Activity Guidelines. Department of Health
(2019). Availabe online at: https://www.gov.uk/government/publications/
physical-activity-guidelines-uk-chief-medical-officers-report
(accessed
September 10, 2020).
19. Church G, Parker J, Powell L, Mawson S. The effectiveness of group exercise
for improving activity and participation in adult stroke survivors: a systematic
review. Physiotherapy. (2019) 105:399–411. doi: 10.1016/j.physio.2019.01.005
20. Laursen P. B. Training for intense exercise performance: highintensity or high-volume training? Scand J Med Sci Sports. (2010)
20:1–10. doi: 10.1111/j.1600-0838.2010.01184.x
21. World Health Organization. Towards a Common Language for Functioning,
Disability, and Health: ICF. The International Classification of Functioning,
Disability and Health. World Health Organization (2002).
22. Keen C, Harrop D, Hashmi-Greenwood MN, Kiely DG, Yorke J,
Sage K. Outcome measures used in studies of rehabilitation in
pulmonary hypertension. Ann Am Thorac Soc. (2021) 18:321–35.
doi: 10.1513/AnnalsATS.202005-541OC
23. Elmahgoub SS, Calders P, Lambers S, Stegen S, Van Laethem C, Cambier DC.
The effect of combined exercise training in adolescents who are overweight
or obese with intellectual disability: the role of training frequency. J Strength
Condit Res. (2011) 25:2274–82. doi: 10.1519/JSC.0b013e3181f11c41
24. Wang C, Redgrave J, Shafizadeh M, Majid A, Kilner K, Ali AN, et al.
Aerobic exercise interventions reduce blood pressure in patients after
stroke or transient ischaemic attack: a systematic review and metaanalysis. Br J Sports Med. (2019) 53:1515–25. doi: 10.1136/bjsports-2017098903
25. Mezzani A, Hamm LF, Jones AM, McBride PE, Moholdt T, Stone JA,
et al. Aerobic exercise intensity assessment and prescription in cardiac
rehabilitation: a joint position statement of the European Association for
Cardiovascular Prevention and Rehabilitation, the American Association
of Cardiovascular and Pulmonary Rehabilitation and the Canadian

1. World Health Organisation. World Health Statistics. Monitoring Health for the
DDG’s. Geneva: World Health Organisation (2020).
2. Stroke Association. Stroke Statistic Dashboard. London, UK: Stroke
Association (2019).
3. Portegies ML, Selwaness M, Hofman A, Koudstaal PJ, Vernooij
MW, Ikram MA. Left-sided strokes are more often recognized
than right-sided strokes: the Rotterdam study. Stroke. (2015)
46:252–4. doi: 10.1161/STROKEAHA.114.007385
4. Shelton FDN, Reding MJ. Effect of lesion location on upper limb motor
recovery after stroke. Stroke. (2001) 32:107–12. doi: 10.1161/01.STR.32.1.107
5. Bohannon RW. Knee extension strength and body weight determine sitto-stand independence after stroke. J Strength Cond Res. (2007) 23:309–
11. doi: 10.1519/JSC.0b013e31818eff0b
6. Wist S, Clivaz J, Sattelmayer M. Muscle strengthening for hemiparesis
after stroke: a meta-analysis. Ann Phys Rehabil Med. (2016) 59:114–24.
(2016). doi: 10.1016/j.rehab.2016.02.001
7. Pak S, Patten C. Strengthening to promote functional recovery poststroke:
an evidence-based review. Top Stroke Rehabil. (2008) 15:177–99.
doi: 10.1310/tsr1503-177
8. Steg PG, James S, Harrington RA, Ardissino D, Becker RC, Cannon
CP, et al. Ticagrelor versus clopidogrel in patients with ST-elevation
acute coronary syndromes intended for reperfusion with primary
percutaneous coronary intervention: a Platelet Inhibition and Patient
Outcomes (PLATO) trial subgroup analysis. Circulation. (2010)
122:2131–41. doi: 10.1161/CIRCULATIONAHA.109.927582
9. Johnston SC, Amarenco P, Albers GW, Denison H, Easton JD, Evans SR, et al.
Ticagrelor versus aspirin in acute stroke or transient ischemic attack. N Engl J
Med. (2016) 375:35–43. doi: 10.1056/NEJMoa1603060
10. Lehnen AM, Angelis K, Markoski MM, Schaan PD. Changes in the GLUT4
expression by acute exercise, exercise training and detraining in experimental
models. Diabetes Metab. (2012) 2012:S10. doi: 10.4172/2155-6156.S10-002
11. Ehrman JK, Gordon PM, Visich VS, Keteyian SJ. Clinical Exercise Physiology.
3rd ed. Leeds: Human Kinetics (2013).
12. American College of Sports Medicine. Resource Manual for Guidelines for
Exercise Testing and Prescription. 7th ed. Indianapolis, IN: American College
of Sports Medicine (2014).
13. Eng JJ, Chu K. Reliability of comparisons of weight bearing ability during
standing tasks for individuals with chronic stroke. Arch Phys Med Rehabil.
(2002) 83:1138–44. doi: 10.1053/apmr.2002.33644

Frontiers in Rehabilitation Sciences | www.frontiersin.org

12

September 2021 | Volume 2 | Article 722668

Church et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

Stroke Exercise Intensity Prescription Outcome

Association of Cardiac Rehabilitation. Eur J Prevent Cardiol. (2013)
20:442–67. doi: 10.1177/2047487312460484
Laursen PB, Shing CM, Peake JM, Coombes JS, Jenkins DG. Interval training
program optimization in highly trained endurance cyclists. Med Sci Sports
Exerc. (2002) 34:1801–7. doi: 10.1097/00005768-200211000-00017
Mangine GT, Hoffman JR, Gonzalez AM, Townsend JR, Wells AJ, Jajtner
AR, et al. The effect of training volume and intensity on improvements in
muscular strength and size in resistance-trained men. Physiol Rep. (2015)
3:e12472. doi: 10.14814/phy2.12472
Schoenfeld BJ, Wilson JM, Lowery RP, Krieger JW. Muscular adaptations in
low- versus high-load resistance training: a meta-analysis. Eur J Sport Sci.
(2016) 16:1–10. doi: 10.1080/17461391.2014.989922
Jensen JL, Marstrand PCD, Nielsen JB. Motor skill training
and strength training are associated with different plastic
changes in the central nervous system. J Appl Physiol. (2005)
99:1558–68. doi: 10.1152/japplphysiol.01408.2004
Kleim JA, Jones TA. Principles of experience-dependent neural plasticity:
implications for rehabilitation after brain damage. J Sppech Lang Hear Res.
(2008) 51:S2225–39. doi: 10.1044/1092-4388(2008/018)
Kwakkel G, Wagenaar RC, Koelman TW, Lankhorst GJ, Koetsier JC.
Effects of intensity of rehabilitation after stroke. Am Heart Assoc. (1997)
28:8. doi: 10.1161/01.STR.28.8.1550
Kwakkel G, Kollen BJ, Wagenaar RC. Long term effects of intensity of upper
and lower limb training after stroke: a randomised trial. J Neurol Neurosurg
Psychiatry. (2002) 72:473–9. doi: 10.1136/jnnp.72.4.473
Outermans JC, van Peppen RP, Wittin H, Takke T, Kwakkel G. Effects of a
high-intensity task-oriented training on gait performance early after stroke: a
pilot study. Clin Rehabil. (2010) 24:979–87. doi: 10.1177/0269215509360647
Kage KB, El-Sayes J, Harasym D, Turco CV, Locke MB, Nelson AJ. Exerciseinduced neuroplasticity: a mechanistic model and prospects for promoting
plasticity. Neuroscientist. (2019) 25:65–85. doi: 10.1177/1073858418771538
Kwakkel G, Kollen BJ, Wagenaar RC. Therapy impact on functional recovery
in stroke rehabilitation: a critical review of the literature. Physiotherapy. (1999)
85:377–91. doi: 10.1016/S0031-9406(05)67198-2
Salter K, Campbell N, Richardson M, Mehta S, Jutai J, Zettler L, et al. Outcome
Measures in Stroke Rehabilitation chapter 20 in The Evidence-Based Review of
Stroke Rehabilitation (EBRSR). (2013). Available online at: http://www.ebrsr.
com/evidence-review
Haby MM, Chapman E, Clark R, Barreto J, Reveiz L, Lavis JN. What are the
best methodologies for rapid reviews of the research evidence for evidenceinformed decision making in health policy and practice: a rapid review. Health
Res Policy Syst. (2016) 14:83. doi: 10.1186/s12961-016-0155-7
Dobbins M. Rapid Review Guidebook. Hamilton, ON: National Collaborating
Centre for Methods and Tools (2017).
Crozier J, Roig M, Eng JJ, MacKay-Lyons M, Fung J, Ploughman M, et al.
High-intensity interval training after stroke: an opportunity to promote
functional recovery, cardiovascular health, and neuroplasticity. Neurorehabil
Neural Repair. (2018) 32:543–56. doi: 10.1177/1545968318766663
Luo L, Meng H, Wang Z, Zhu S, Yuan S, Wang Y, et al. Effect of
high-intensity exercise on cardiorespiratory fitness in stroke survivors: a
systematic review and meta-analysis. Ann Phys Rehabil Med. (2020) 63:59–
68. doi: 10.1016/j.rehab.2019.07.006
Booth A, Varley-Campbell J, Britten N, Garside R. Defining the process
to literature searching in systematic reviews: a literature review of
guidance and supporting studies. BMC Med Res Methodol. (2018)
18:85. doi: 10.1186/s12874-018-0545-3
Booth
A.
Unpacking
your
literature
search
toolbox:
on
search
styles
and
tactics.
Health
Info
Libr
J.
(2008)
25:313. doi: 10.1111/j.1471-1842.2008.00825.x
Hong QN, Fàbregues S, Bartlett G, Boardman F, Cargo M, Dagenais P, et al.
The Mixed Methods Appraisal Tool (MMAT) version 2018 for information
professionals and researchers. Canada Educ Inf. (2018) 34:285–91.
Boyne P, Dunning K, Carl D, Gerson M, Khoury J, Kissela B. Within-session
responses to high-intensity interval training in chronic stroke. Med Sci Sports
Exerc. (2015) 47:476–84. doi: 10.1249/MSS.0000000000000427
Munari D, Pedrinolla A, Smania N, Picelli A, Gandolfi M, Saltuari L,
et al. High-intensity treadmill training improves gait ability, VO2peak
and cost of walking in stroke survivors: preliminary results of a pilot

Frontiers in Rehabilitation Sciences | www.frontiersin.org

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.
63.

13

randomized controlled trial. Eur J Phys Rehabil Med. (2018) 54:408–18.
doi: 10.23736/S1973-9087.16.04224-6
Aaron SE, Gregory CM. Feasibility of single session high-intensity
interval training utilizing speed and active recovery to push
beyond standard practice post-stroke. Top Stroke Rehabil. (2018)
25:509–13. doi: 10.1080/10749357.2018.1487156
Madhavan S, Stinear JW, Kanekar N. Effects of a single session of
high intensity interval treadmill training on corticomotor excitability
following stroke: implications for therapy. Neural Plast. (2016)
2016. doi: 10.1155/2016/1686414
Madhavan S, Lim H, Sivaramakrishnan A, Iyer P. Effects of high intensity
speed-based treadmill training on ambulatory function in people with chronic
stroke: a preliminary study with long-term follow-up. Sci Rep. (2019) 9:1–
8. doi: 10.1038/s41598-018-37982-w
Mahtani GB, Kinnaird CR, Connolly M, Holleran CL, Hennessy PW,
Woodward J, et al. Altered sagittal-and frontal-plane kinematics following
high-intensity stepping training versus conventional interventions in
subacute stroke. Phys Ther. (2017) 97:320–9. doi: 10.2522/ptj.20160281
Abraha B, Chaves AR, Kelly LP, Wallack EM, Wadden KP, McCarthy J, et al. A
bout of high intensity interval training lengthened nerve conduction latency
to the non-exercised affected limb in chronic stroke. Front Physiol. (2018)
9:827. doi: 10.3389/fphys.2018.00827
Gjellesvik TI, Becker F, Tjønna AE, Indredavik B, Nilsen H, Brurok B,
et al. Effects of high-intensity interval training after stroke (The HIIT-Stroke
study)-a multicenter randomized controlled trial. Arch Phys Med Rehabil.
(2020) 101:939–47. doi: 10.1016/j.apmr.2020.02.006
Krawcyk R, Vinther A, Petersen NC, Faber J, Iversen HK, Christensen
T, et al. Effect of home-based high-intensity interval training in patients
with lacunar stroke: a randomised controlled trial. Front Neurol. (2019)
10:664. doi: 10.3389/fneur.2019.00664
Leddy AL, Connolly M, Holleran CL, Hennessy PW, Woodward J,
Arena RA, Hornby TG. Alterations in aerobic exercise performance
and gait economy following high intensity dynamic stepping training
in persons with subacute stroke. J Neurol Phys Ther. (2016)
40:239. doi: 10.1097/NPT.0000000000000147
Nepveu JF, Thiel A, Tang A, Fung J, Lundbye-Jensen J, Boyd LA, et al. A
single bout of high-intensity interval training improves motor skill retention
in individuals with stroke. Neurorehabil Neural Repair. (2017) 31:726–
35. doi: 10.1177/1545968317718269
Urbin MA, Harris-Love ML, Carter AR, Lang CE. High-intensity, unilateral
resistance training of a non-paretic muscle group increases active range of
motion in a severely paretic upper extremity muscle group after stroke. Front
Neurol. (2015) 6:119. doi: 10.3389/fneur.2015.00119
Li X, Charalambous CC, Reisman DS, Morton SM. A short bout of highintensity exercise alters ipsilesional motor cortical excitability post-stroke. Top
Stroke Rehabil. (2019) 26:405–11. doi: 10.1080/10749357.2019.1623458
Lai SM, Studenski S, Richards L, Perera S, Reker D, Rigler S, et al. Therapeutic
exercise and depressive symptoms after stroke. J Am Geriatr Soc. (2006)
54:240–7. doi: 10.1111/j.1532-5415.2006.00573.x
Högg S, Holzgraefe M, Drüge C, Hauschild F, Herrmann C, Obermann
M, et al. High-intensity arm resistance training does not lead to better
outcomes than low-intensity resistance training in patients after subacute
stroke: a randomized controlled trial. J Rehabil Med. (2020) 52:1–
9. doi: 10.2340/16501977-2686
Sale D, MacDougall D. Specificity in strength training: a review for the coach
and athlete. Can J Appl Sport Sci. (1981) 6:87–92.
Lorenz DS, Reiman MP, Walker JC. Periodization: current review and
suggested implementation for athletic rehabilitation. Sports Health. (2010)
2:509–18. doi: 10.1177/1941738110375910
Flansbjer UB, Downham D, Lexell J. Knee muscle strength, gait performance,
and perceived participation after stroke. Arch Phys Med Rehabil. (2006)
87:974–80. doi: 10.1016/j.apmr.2006.03.008
Solomon NA, Glick HA, Russo CJ, Lee J, Schulman KA. Patient preferences
for stroke outcomes. Stroke. (1994) 25:1721–5. doi: 10.1161/01.STR.25.9.1721
Nichols S, Pymer S, Prosser J, Birkett S, Carroll S, Ingle L. Does
exercise prescription based on estimated heart rate training zones
exceed the ventilatory anaerobic threshold in patients with coronary
heart disease undergoing usual care cardiovascular rehabilitation? A

September 2021 | Volume 2 | Article 722668

Church et al.

Stroke Exercise Intensity Prescription Outcome

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

United Kingdom perspective. Eur J Prevent Cardiol. (2019). 27:1–11.
doi: 10.1177/2047487319852711
64. Ng SS, Shepherd RB. Weakness in patients with stroke: implications for
strength training in neurorehabilitation. Phys Ther Rev. (2000) 5:227–
38. doi: 10.1179/108331900786166650
Author Disclaimer: The views expressed in this publication are those of the
author(s) and not necessarily those of the NIHR, Sheffield Teaching Hospitals
NHS FT, NHS, Sheffield Hallam University or the UK Department of Health and
Social Care.

Copyright © 2021 Church, Smith, Ali and Sage. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Frontiers in Rehabilitation Sciences | www.frontiersin.org

14

September 2021 | Volume 2 | Article 722668

