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Background: Rehabilitation is important in the 
first months after a stroke for recovery of functio-
nal ability, but it is also challenging, since distinct 
recovery trajectories are seen. Therefore, stud-
ying the early changes in muscle characteristics 
over time (e.g. muscle strength, muscle mass and 
muscle volume), which are known to be associated 
with functional abilities, may deepen our under-
standing of underlying recovery mechanisms of 
stroke  survivors. 
Objective: This systematic review aims to describe 
the longitudinal changes in skeletal muscles, inclu-
ding muscle strength, muscle mass and muscle 
volume, during the first 3 months post-stroke.
Methods: Electronic searches were conducted in 
Medline, Scopus and CENTRAL. Longitudinal cohort 
studies or controlled interventional trials that 
report data about patients in the first 3 months 
after stroke were identified. Skeletal muscle cha-
racteristics should be measured at least twice 
within 3 months post-stroke by objective, quanti-
tative assessment methods (e.g. dynamometry, 
ultrasound, computed tomography). Effect sizes 
were calculated as Hedges’ g using standardized 
mean differences. 
Results: A total of 38 studies (1,097 subjects) were 
found eligible. Results revealed an mean increase 
on the paretic side for upper and lower limb muscle 
strength (small to moderate effect sizes), whereas 
muscle thickness decreased (moderate to large 
effect sizes). Similar, but smaller, effects were found 
on the non-paretic side. There were insufficient data 
available to draw conclusions about lean muscle 
mass and muscle cross-sectional area. No studies 
aimed at investigating distinct trajectories of the 
muscle changes.
Conclusion: Muscle strength and thickness changes 
during the first 3 months after stroke in both the 
paretic and non-paretic side. Future studies should 
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recovery.
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LAY ABSTRACT
After a stroke, it is important to restore functional  ability 
as much as possible. Studying changes in the mus-
cles (e.g. muscle strength, muscle thickness, muscle 
volume) during the first months post-stroke can help 
to elucidate individual variations and the underlying 
repair mechanisms. A systematic search of the litera-
ture was performed for studies of objective quantifiable 
measurements of muscles at least 2 times during the 
first 3 months after stroke. A total of 38 studies (with 
in total 1,097 patients) met these criteria. Overall, an 
improvement in strength was measured on the pare-
tic side for both the upper and lower limbs, but muscle 
thickness decreased. Similar, but smaller, effects were 
found on the non-paretic side. For other muscle para-
meters insufficient data were found to draw conclusions. 
Because understanding the underlying mechanism of 
muscle changes post-stroke can improve rehabilitation 
programmes, further studies should focus on why these 
muscle strength changes occur.

aim to understand “how” the stroke-induced mus-
cle strength changes are achieved. Exploring exis-
ting data from longitudinal studies, by using cluster 
analyses, such as pattern recognition, could add to 
the current knowledge-base.
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Stroke is one of the leading causes of acquired 
physical disability in the adult population (1). 

Rehabilitation is the most effective way to limit the 
amount of disability and improve patients’ functio-
nality (2). However, despite continuously improving 
and innovating interventions, distinct trajectories of 
recovery are seen. For example, two-third of patients 
after stroke have residual hemiparesis, resulting in 
chronic, long-term disability (3). This emphasizes 
the complex stroke recovery process and highlights 
the possibility of distinct underlying recovery me-
chanisms that support the functional ability of stroke 
survivors. Gaining insight into the mechanisms that 
contribute to the heterogeneous treatment response in 
stroke survivors could help us to better understand the 
complex recovery process and to optimize functional 
rehabilitation (4). 

Skeletal muscle is suggested to be the main effector 
organ accountable for physical disability in the stroke 
population (5). This disability traditionally contributed 
to the neurological insult itself, primarily causing mo-
tor symptoms, with muscle weakness, altered muscle 
tone and decreased muscle control being the most 
common motor manifestations post-stroke (6). More 
recently, the functional aspects, structural adaptations 
and metabolic integrity of peripheral muscle tissue, 
which remained unrecognized until the past decades, 
have become an important focus in the evaluation 
and treatment of the stroke population (7, 8). The 
relevance of this changing approach is noticeable in 
the literature, with several reviews synthesizing the 
available evidence about post-stroke skeletal muscle 
changes (9–11). 

Previous studies have shown that chronic stroke sur-
vivors (> 6 months post-stroke) experience a loss in 
muscle mass and a decrease in muscle strength in both 
the paretic and non-paretic limbs (9, 10).  According 
to research by Miller and colleagues (12), a decreased 
central activation can only partly explain bilateral 
muscle weakness, which might implicate that skeletal 
muscle changes after stroke can be considered as a mul-
tifactorial syndrome depending on various underlying 
mechanisms besides the brain lesion itself (e.g. neurod-
egeneration, loss of motor neurones, local muscle meta-
bolic alterations) (8). This assumption is supported by 
recent research exploring changes after stroke directly 
at the level of the skeletal muscle (13). Muscle tissue of 
chronic stroke patients shows an increased intramuscu-
lar fat deposition (7) and a major shift from slow-twitch 
towards fast-twitch fibres in the hemiparetic muscles 
(14). In addition, the muscle’s architecture, defined 
as the geometric arrangements of muscle fibres (15), 
appears to be altered in chronic stroke survivors with a 
shorter fascicle length on the  paretic side. Reports about 

pennation angle measurements (i.e. fibre orientation) 
have been less consistent (16). 
From a clinical point of view, these (mal-)adaptive 
skeletal muscle changes have an impact on the recovery 
process. Muscular atrophy is moderately correlated with 
decreased gait speed and reduced fitness levels in indi-
viduals following stroke in the chronic stage (7). Also, 
increased severity of gait impairments have been obser-
ved as a result of hemiparetic muscle phenotype changes 
(14), a decline in muscle mass and muscle strength (17). 
Furthermore, the muscle’s architecture has a profound 
influence on muscle function, and therefore, structural 
changes might negatively affect the force-generating 
process and impact functional recovery (13). 
Despite the growing body of evidence about the con-
tribution of underlying skeletal muscle changes to phy-
sical disability after stroke, none of the clinical stroke 
guidelines address these peripheral muscle changes 
(18, 19). Most of the conventional physiotherapy in 
stroke rehabilitation includes intensive task-specific 
exercises aimed at improving motor performance (20). 
To maximize functional recovery, additional therapy 
strategies that address alterations of the skeletal muscle 
are warranted. Since most significant improvements 
in stroke recovery occur in the first 3 months after 
stroke onset (21), restorative interventions should 
be commenced within this critical time window, as 
suggested by the Stroke Roundtable Consortium (4). 
Unfortunately, most of the existing evidence about 
skeletal muscle changes have explored long-term al-
terations post-stroke (> 6 months), leaving a paucity of 
knowledge regarding acute and early subacute muscle 
changes as an important deficiency in literature that 
needs to be addressed before optimal gains in neurore-
habilitation can be achieved. 
One way to improve our understanding of how stroke 
recovery is achieved in the first 3 months following 
stroke onset is to evaluate changes in the skeletal mus-
cle over time. Although clinical assessment scales are 
an essential tool in the measurement and evaluation of 
motor impairments (22), they often have limitations, 
such as ceiling effects and a lack of sensitivity to detect 
small, but relevant, changes (23). Therefore, to accura-
tely evaluate peripheral muscle changes, measurements 
are preferably performed by objective, quantitative 
assessment methods. Medical imaging techniques, 
such as ultrasound, medical resonance imaging (MRI) 
and computed tomography (CT), but also hand-held 
dynamometers are just a number of the widely used 
objective tools in research and clinical practice to add-
ress changes in function, structure and consistency of 
the peripheral muscles (23, 24). However, an overview 
of these measurements representing skeletal muscle 
changes early after stroke is still lacking. 
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Therefore, the purpose of this systematic review 
is to synthesize available evidence describing the 
time-course of peripheral muscle changes in skeletal 
muscles (e.g. muscle strength, muscle mass, muscle 
volume) measured by objective, quantitative assess-
ment methods (e.g. dynamometry, ultrasound, CT) in 
the first 3 months post-stroke. 

METHODS

The PRISMA guidelines were used as a general fram-
ework for transparent reporting of this systematic re-
view. Protocol details were registered prospectively on 
PROSPERO (registration number: CRD42020157647).
Studies were included if they met following inclusion 
criteria. 

Type of participants
Studies involved adult (≥18 years) stroke patients, as 
defined by the World Health Organization (WHO) (25), 
in the acute (0–7 days) and/or early subacute (> 7 days 
to 3 months) stages. The framework of these critical 
time points post-stroke was defined by the Stroke 
Roundtable Consortium (4). 

Type of outcome
Studies evaluated changes in upper and/or lower 
extremity skeletal muscle characteristics (i.e. function, 
structure and composition) (e.g. changes in muscle 
strength, muscle mass, muscle fibres) measured by 
objective, quantitative assessment methods (e.g. 
dynamometer, CT, ultrasound) were included. The 
muscle characteristics of the subjects needed to be 
measured at least twice within 3 months post-stroke. 
Changes in muscle characteristics assessed by clinical 
measurements (e.g. Medical Research Council Scale, 
Fugl-Meyer assessment, Modified Ashworth Scale) 
were excluded. 

Type of study design
Longitudinal cohort studies or controlled interven-
tional trials were included. Concerning the latter, in 
these studies the data of the groups receiving usual 
care or conventional physiotherapy were considered 
as longitudinal data, and were included at baseline, 
post-intervention and follow-up. Data from the experi-
mental groups were excluded. Clinical trial protocols, 
systematic reviews, narrative reviews, meta-analysis 
or case reports were excluded. 

Type of publication
Peer-reviewed journal articles were included, confe-
rence abstracts and proceedings were excluded.

Language
Studies had to be published in English, French or 
Dutch. 

Data sources and searches
A systematic search was undertaken in 3 electronic 
databases (MEDLINE, Scopus and CENTRAL) from 
inception until July 2019 and updated in May 2020. 
The search strategy was structured according to the 
Population, Intervention, Comparison, Outcome 
(PICO) method, and combined key words related 
to stroke and skeletal muscle characteristics. Full 
electronic search strategies are shown in Appendix 1. 
Reference lists of related systematic reviews (9, 10) 
and the citations of included studies were screened for 
missing studies.

Study selection
To identify eligible studies, titles and abstracts were 
screened by 2 independent reviewers (LC, NL) with the 
use of the web application Rayyan (26). If studies were 
considered relevant, full-text copies were obtained and 
checked for eligibility by the same independent revie-
wers. Disagreements between authors were resolved 
by consensus. If no agreement was reached, additional 
authors (DB, ES) were consulted.

Data extraction
A data extraction sheet was developed to collect data 
outcomes of interest. The data extraction sheet was 
pilot-tested on 3 randomly selected study trials and 
refined accordingly. One author (LC) collected data 
from the included studies. 

Quality assessment
To critically evaluate the quality of the individual 
studies, a customized risk of bias tool was created. 
Key domains and judgement criteria, that had the 
most potential to introduce bias, were compiled 
from existing tools (i.e. Cochrane Collaboration’s 
tool for randomized trials (27), the Methods Guide 
for Comparative Effectiveness Reviews (28) and 
the Newcastle-Ottawa Quality Assessment Scale for 
cohort studies (29)) and adapted into a specified check-
list based on the research question of this systematic 
review. The applicable domains included sampling, 
confounding, performance, detection, attrition and 
reporting bias and were rated as “high”, “low” or 
“unclear”. An overview of the pre-specified judgement 
criteria is shown in Table SIV in Appendix 2. Two 
reviewers (LC, WVH) independently evaluated risk 
of bias for each study. Disagreements were discussed 
and settled by consensus. If no agreement was reached, 
an additional author (ES) was consulted. 

J Rehabil Med 54, 2022
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Data synthesis and analysis
Means, standard deviations (SDs) and significance 
values of the paretic and non-paretic side were prima-
rily extracted for each evaluation time-point of every 
outcome measure of interest. 
The effect sizes were calculated as Hedges’ g (gH), a 
bias-adjusted estimate of standardized mean difference 
between 2 evaluation time-points with an additional 
correction for small sample sizes (30). Effect sizes 
were interpreted as small (≤0.2), moderate (0.5), or 
large (≥0.8), representing an increase (positive values) 
or decrease (negative values) over time. If the required 
data was absent or insufficiently reported, the authors 
were contacted individually by e-mail. When possible, 
researchers calculated means and SDs themselves 
or extracted these data from available figures in the 
included studies. In cases where the desired data was 
unobtainable, despite the aforementioned methods, a 
quantitative analysis via effect size calculation was not 
possible. Nevertheless, these studies were included in 
the systematic review to avoid reporting bias. For those 
studies, other available measures of central tendency 
and dispersion were extracted and reported. 

RESULTS

Study selection
The database search yielded 2,843 unique records, of 
which a final total of 38 studies was included in this 
systematic review (31–68). Fig. 1 illustrates a flow 
diagram of the entire selection process. 

Characteristics of included studies
Tables I and II list detailed information about the 
study characteristics. 

Study design
Of the 38 included studies, 24 were longitudinal cohort 
studies in which muscle characteristics were measured 
at least twice within 3 months post-stroke (31, 33–36, 
39, 41, 42, 44, 46, 48, 50, 52–55, 57, 58, 60–62, 64, 
65, 67). The remaining eligible studies represent 13 
randomized controlled trials (RCTs) (32, 37, 38, 40, 43, 
45, 47, 49, 51, 59, 63, 66, 68) and 1 clinical controlled 
trial (CCT) (56). Participants in the control groups of 
these interventional trials were considered as longitu-
dinal data as they received conventional physiotherapy 

Fig. 1. Flow chart.

J Rehabil Med 54, 2022
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(32, 37, 38, 40, 47, 49, 56, 59, 63, 66, 68) or a placebo 
intervention combined with usual care (32, 43, 45, 51).

Patient characteristics
In total, 1,097 stroke survivors (598 males, 499 fema-
les; mean age 67 years) participated in the included 
studies. Muscle characteristics of the subjects were 
assessed in the acute and early subacute stage post-
stroke (32, 33, 36, 40–42, 44, 46–48, 50, 52–54, 56–58, 
66) or exclusively measured in the acute (55) or early 
subacute stage (Tables I and II) (31, 34, 35, 37–39, 43, 
45, 49, 51, 59–65, 67, 68). 

Outcome measure characteristics
Data extraction revealed 4 outcome measures of interest: 
muscle strength (i.e. lower limb (31, 34, 36, 49, 62, 63), 
upper limb (31, 33, 35, 39, 59, 61, 64, 65), grip (32, 33, 
36–38, 40–43, 45, 47, 50, 51, 53, 59–61, 64, 66–68) and 
pinch strength (32, 48, 68)), muscle thickness (46, 52, 
54–58), muscle cross-sectional area (CSA) (36) and lean 
muscle mass (44). No data on muscle fibre characteristics 
were reported. The preferred assessment tool to objecti-
vely quantify muscle strength was a hand-held dynamo-
meter, which was used in the majority of the included 
studies (73%) (31–34, 36-39, 41, 42, 45, 47, 49–51, 53, 
59, 62, 64, 66–68). Muscle CSA was determined via 
anthropometric skin fold measurements (36), whereas a 
Dual Energy Xray absorptiometry (DEXA) scanner and 
an ultrasound system were used to respectively measure 
lean muscle mass (44) and muscle thickness (46, 52, 
54–58). The assessed muscle groups in the lower limb 
were hip flexors (31, 34), knee extensors (31, 34, 36, 
46, 49, 54–58, 62, 63), knee flexors (49, 63) and ankle 
dorsiflexors (31, 34). The muscles of the upper extremity 
being evaluated were the shoulder abductors (31, 33, 65), 
adductors (65), flexors (65) and extensors (65), elbow 
flexors (31, 33, 35, 39, 61, 64) and extensors (31, 35, 52, 
61, 64), and wrist extensors (31, 59, 61). Studies focused 
mainly on the evaluation of the muscle groups on the 

paretic side. Data of the non-paretic side were reported 
in less than half of the included trials (45%) (31, 34, 36, 
43–46, 49–51, 53, 54, 56–58, 62–64). 

Quality assessment
Fig. 2 represents a summary of the authors’ judgement 
about each risk of bias item. Sampling bias was rated 
“high” in 30 studies because recruitment of the target 
population took place in only 1 centre or because a spe-
cific target population was recruited for the study (31, 
32, 36–46, 48–52, 54–59, 61, 62, 64, 65, 67, 68). The 
remaining 8 studies were rated “unclear” (33–35, 47, 
53, 60, 63, 66). Due to insufficiently reported informa-
tion about 1 of the pre-specified confounding variables, 
confounding bias was rated “unclear” in 26 studies 
(32, 33, 35–40, 43, 44, 46, 47, 49, 50, 52, 54–60, 62, 64, 
66, 68), whereas the remaining 12 studies were rated 
“high” because of the large age differences at study 
onset (31, 34, 41, 42, 45, 48, 51, 53, 61, 63, 65, 67). 
Performance bias was unclear in every study because 
there was insufficient information about the timing of 
the assessments during the day. Detection bias was low 
in 27 studies (31–34, 37–39, 41, 42, 44–47, 49–52, 
54–58, 61, 64, 66–68) and unclear in the remaining 
11 studies because information about the measurement 
device was insufficiently reported (35, 36, 40, 43, 48, 
53, 59, 60, 62, 63, 65). Attrition bias was rated “low” 
in 15 studies (38, 40, 43, 46–51, 54, 57, 59, 60, 65, 68), 
“unclear” in 16 (31–35, 41, 42, 45, 52, 55, 61–64, 66, 
67) and “high” in the other 7 studies (36, 37, 39, 44, 
53, 56, 58). Only 6 of the included studies reported a 
pre-specified protocol and therefore reporting bias was 
rated “low” (40, 43, 45, 51, 66, 68), whereas reporting 
bias of the other 32 studies was rated “unclear” (31–39, 
41, 42, 44, 46–50, 52–65, 67).

Synthesis of the results
The means, SDs, significance values and effect sizes 
of all included studies are shown in Tables I and II. 

Fig. 2. Risk of bias assessment.
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Twelve studies did not report mean values and SDs 
and were excluded from quantitative data-analysis 
and therefore will not be discussed in the following 
paragraphs (33, 35, 36, 39, 41, 42, 53, 57–61). 
Detailed information about these studies is reported 
in Tables I and II.

Muscle strength
The examined muscle groups of the lower limbs 
(i.e. hip flexors, knee flexors, knee extensors and 
ankle dorsiflexors), measured within the early suba-
cute stage, showed a significant increase in muscle 
strength on the paretic side with moderate, positive 
effect sizes (p < 0.05, gH: 0.34–0.70) (31, 34, 62, 63). 
A single study did not report significant changes in 
knee flexors and extensors, but did find a similar trend 
towards an increase in muscle strength over time with 
positive, small effect sizes (knee extensors: p = 0.07, 
gH: 0.31; knee flexors: p = 0.27, gH: 0.21) (49). 
Concerning the non-paretic side, muscle strength 
of the lower limbs significantly increased in the hip 
flexors (p < 0.05, gH: 0.24–0.25) and ankle dorsiflexors 
(p < 0.05, gH: 0.26–0.31) (31, 34), whilst studies that 
investigated the knee extensors and flexors reported 
mixed results (p < 0.001 to p > 0.05, gH: 0.06–0.28) 
(31, 34, 49, 62, 63). 
The muscle groups of the upper limbs were assessed in 
the early subacute stage after stroke. Studies reported a 
significant increase over time for elbow flexors, elbow 
extensors and wrist extensors on the paretic side with 
small to moderate effect sizes (p < 0.001 to p = 0.046, 
gH: 0.17–0.40) (31, 64). Changes in muscle strength 
of the shoulder abductors were inconsistent between 
studies (p < 0.001 to p > 0.05, gH: –0.15 to 0.28) (31, 
65). The muscle groups of the shoulder flexors, ex-
tensors and adductors were examined only in a single 
study which showed non-significant changes over time 
(p > 0.05, gH: –0.43 to 0.76) (65). Regarding the non-
paretic side, studies reported a significant increase for 
the wrist extensors (p < 0.001, gH: 0.23) (31), a non-
significant change over time for the shoulder abductors 
(p > 0.001, gH: 0.16) (31) and mixed results for the 
elbow flexors and extensors (p < 0.05 to p > 0.001, gH: 
–0.05 to 0.43) (31, 64). 
Studies that measured grip strength within the early 
subacute stage demonstrated positive effect sizes 
representing an increase over time. However, signifi-
cance values and the size of the effects showed large 
discrepancies between studies measuring grip strength 
on the paretic side, with non-significant changes and 
small effect sizes being reported on the paretic side 
(p > 0.05, gH: 0.01–0.14) (43, 45, 68), whilst other 
studies showed a significant increase with small to 
large effect sizes (p < 0.05, gH: 0.25–1.16) (37, 38, 64, 

67). This variability is also presented in studies eva-
luating grip strength changes between the acute and 
early subacute stage with effect sizes ranging from 
small to large (gH: 0.12–0.97) and both significant (40, 
50) and non-significant (32, 66) changes are found. 
Studies investigating grip strength on the non-paretic 
side showed an overall non-significant change over 
time, with only 1 study reporting significant changes 
with moderate, positive effect sizes (p < 0.05, gH: 
0.33–0.38) (64). 
Pinch strength was examined in 1 study within the 
early subacute stage, which showed a non-significant 
change over time on the paretic side with a small ef-
fect size (p = 0.087, gH = 0.12) (68). Two other studies 
reported pinch strength data assessed between the 
acute and early subacute stage with small to moderate 
positive effect sizes (gH: 0.08–0.67) representing an 
increase on the paretic side (p = 0.04 and p > 0.05) 
(32, 48). No studies examined pinch strength on the 
non-paretic side. 

Muscle thickness
Muscle thickness was measured in the muscle groups 
of the knee extensors (46, 54–57) and elbow extensors 
(52). Studies assessing stroke survivors between the 
acute and early subacute stage found a significant 
decrease in muscle thickness of the knee extensors 
on the paretic side with moderate to large effect sizes 
(p < 0.001 to p < 0.05, gH: –0.40 to –1.30), whereas 
small to large effects were observed on the non-paretic 
side (p < 0.001 to p < 0.05; gH: –0.18 to –0.85). One 
study reported changes in the knee extensors’ muscle 
thickness within the acute and early subacute stage, 
showing a significant decrease on both sides (p < 0.05, 
gH: –0.01 to –0.34) (46). Although the elbow extensors 
were only addressed in a single study, a large nega-
tive effect size was found representing a significant 
decrease in muscle thickness between the acute and 
early subacute stage (p < 0.001, gH = –1.01) (52).

Lean muscle mass
Jorgensen et al.’s study was the only one investigating 
lean muscle mass in the early stage post-stroke (44). 
They divided the stroke population into 2 subgroups 
based on the subjects ambulation type. Results sho-
wed a significant decrease in lean muscle mass on 
the paretic and non-paretic side for patients who were 
not able to walk 2 months post-stroke with small to 
moderate effect sizes (paretic side: p < 0.05, gH = –0.36; 
non-paretic side: p  <  0.05, gH = –0.23). In contrast, 
subjects who were ambulant after 2 months showed 
no significant decrease in lean muscle mass on both 
sides (paretic side: p > 0.05, gH = –0.10; non-paretic 
side: p > 0.05, gH = –0.05).
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Cross-sectional area
Only 1 study investigated the cross-sectional area in 
the acute and subacute phase after stroke, using skin-
fold measurements (cm2) of the upper arm muscles, 
forearm muscles, tight muscles and calf muscles. No 
significant changes were reported between the different 
time-points for the paretic and the non-paretic side. 

DISCUSSION

Summary of the evidence
The aim of this systematic review was to synthe-
size available evidence describing the time-course 
of peripheral skeletal muscle changes measured by 
objective, quantitative assessment methods in the first 
3 months post-stroke. 
A total of 38 studies investigating time-related changes 
in muscle characteristics in 4 different outcome mea-
sures were identified. In general, the results revealed 
an overall mean increase in muscle strength on the 
paretic side, whereas muscle thickness in the upper and 
lower limb decreased. Lean muscle mass and muscle 
CSA were only examined in a single study, but results 
showed a trend towards a decrease in lean muscle mass 
in the lower limbs of non-ambulant stroke survivors, 
whereas muscle CSA seemed to remain unchanged in 
the early subacute stages post-stroke. Similar results 
were found on the non-paretic side, but these changes 
were smaller compared with the paretic side.
The general increase in muscle strength in the first 3 
months of stroke recovery is probably due to inpatient 
rehabilitation, where clinicians nowadays are using a 
broad range of evidence-based interventions to im-
prove motor recovery (2). In addition, spontaneous 
recovery mechanisms will contribute to this early gain 
in muscle strength (21). Despite the overall increase in 
muscle strength, which might indicate early recovery, 
results should be interpreted with caution. 
The benefits of early stroke rehabilitation are bey-
ond doubt, yet the calculated effect sizes for muscle 
strength were generally small to moderate, indicating 
that there is still room for improvement. Moreover, 
an early decrease in muscle thickness was found 
despite participants receiving conventional therapy. 
This finding is in line with previous research that 
reported stroke-induced muscle wasting (7, 8). More-
over, it seems that this phenomenon is not only due to 
sarcopaenia (i.e. age-related loss of muscle mass and 
muscle strength) since stroke survivors show higher 
prevalence rates of muscle wasting compared with 
healthy people, even after controlling for age, sex and 
race (69). These results might indicate that more atten-
tion for specific therapy regimens, directly aimed at 

the level of the skeletal muscle, is warranted to prevent 
loss of function and to optimize recovery (70). 
One might question if the observed changes in muscle 
strength are the result of true changes in the underlying 
physiology and mechanical properties of the skeletal 
muscle or due to neural adaptation. Understanding of 
“how” muscle strength changes are achieved early after 
stroke is essential to better understand the complex 
stroke recovery process. Besides the increase in muscle 
strength, the results of this review revealed a concomi-
tant decrease in muscle thickness, which might seem 
contradictory at first sight. Yet, previous research has 
shown that there is no one-to-one relationship between 
those 2 parameters, suggesting that other factors contri-
bute to the recovery of muscle strength (71). One such 
factor, besides neuromuscular changes, may be the 
architectural properties of the skeletal muscle, which 
play an integer role in the force-generation process. 
Muscle fibre length, pennation angle and physiologi-
cal CSA are deemed the most important architectural 
parameters and therefore, structural changes of these 
properties might influence force production (15). Ho-
wever, to the best of our knowledge, the impact of such 
changes on force production has not been investiga-
ted in (sub)acute stroke patients, and, therefore, this 
should be considered speculative and warrants further 
investigation. Nevertheless, previous research in ch-
ronic stroke survivors has already presented evidence 
that changes in the architecture of the muscle occur 
(i.e. decreased fibre length) and contribute to strength 
deficits (16), but no information for (sub)acute stroke 
patients is available. Only a single study measuring 
muscle CSA was included in this systematic review, 
which made it difficult to draw uniform conclusions 
towards its influence on recovery (36). Therefore, the 
structure-function relationship in the early recovery 
process after stroke remains unclear because no other 
studies investigating the architectural properties were 
found during the systematic search of this review. 
Furthermore, the results reported by the included 
studies were highly variable, with effect sizes ranging 
from small to large and noticeable discrepancies in the 
significance values. This heterogeneity is likely due to 
researchers using different measurement tools, units, 
and procedures to address their outcome measure and 
variable time-windows to assess muscle changes. In 
addition, stroke research has shown that recovery 
profiles vary greatly between individual stroke sur-
vivors (72). This might raise the question of whether 
different processes underlie recovery for subjects 
recovering better and faster compared with others. 
Indeed, the results reported by all of the included 
studies are summarized values (e.g. means) which 
represent stroke recovery at group level. However, 
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with the different recovery profiles in mind, it might 
be interesting to closely observe individual muscle 
changes rather than focusing on the group level. 
Although none of the trials in this systematic review 
statistically established these individual muscle tra-
jectories, some of the authors plotted individual data 
in figures (39, 55) or additional tables (50). Cortes et 
al., for example, illustrated the time-course of biceps 
muscle strength for each individual stroke participant 
(39). This figure shows a clear diversity in the recovery 
patterns of stroke survivors and confirms that not every 
patient has the same potential to recover after a stroke 
incident. Knowledge of the underlying mechanisms 
contributing to this large recovery variability within 
the stroke population is fundamental for both research 
and clinical practice. The possibility to distinguish 
subgroups within a certain population would make 
it easier to select a specific group for testing a given 
treatment or personalize therapeutic stroke interven-
tions (4, 73). 

Study limitations
This systematic review has a number of limitations. An 
important key issue was the large variability between 
the included studies, which made it difficult to compare 
results. By dividing the time after stroke into clear 
cut-off phases, as suggested by the Stroke Consortium 
(4), we tried to facilitate comparison. However, timing 
of the measurements regarding stroke onset differed 
greatly between the included studies. Research has 
shown that most recovery occurs in the first 3 months 
post-stroke, but knowledge about the exact time-
window during which muscle-related recovery takes 
place remains unclear. 
Another constraint was the sources of bias in the 
included trials. The overall high risk of sampling 
bias is important to consider, since most studies 
recruited participants in only 1 centre or recruiting 
a specific target population (e.g. subjects with low 
baseline strength). Although the patient’s baseline 
level of functioning and stroke severity were not 
taken into account in this systematic review, it might 
be noticed that this will probably have clinical im-
plications towards the reported muscle changes. In 
stroke recovery, a rule of thumb is that subjects with 
initially more severe deficits are less likely to make 
a good recovery. However, not every patient seems 
to fit this proportional recovery rule (74). This once 
again highlights the importance of reporting indivi-
dual changes over time and the need to specify clear 
subgroups in stroke survivors. 
Furthermore, the pre-specified confounding variables 
were insufficiently reported in most studies, especially 
nutrition, smoking and physical activity status, which 

could result in a potential bias as these confounding 
factors might have an influence on muscle changes 
post-stroke. 
Finally, studies that used surface electromyography 
as a measuring device to assess muscle activity were 
excluded from this systematic review because data 
are likely to be influenced by the position of the 
electrodes, the analysis methods, rapportage of the 
results, which would complicate comparison between 
studies (75). However, the results of these measure-
ments could be of important clinical relevance and 
might therefore be an interesting topic for future 
research. 

Future research
This review gathered all information about skeletal 
muscle changes in the acute and early subacute stroke 
population, yet it also uncovered important shortco-
mings in the existing stroke literature that should be 
considered in future research about this topic. 
First, this review identified a lack of studies investi-
gating architectural properties in the first 3 months 
after stroke. Future studies addressing these outcome 
measures are recommended, as they might help to 
better understand the recovery process. 
Secondly, standardized time-intervals to assess post-
stroke muscle changes are lacking and causing a large 
heterogeneity between studies. Although the time 
after stroke was divided into phases in this review, the 
evaluation time-points did not entirely fit into these 
clear-cut sequences. Defining critical time-points in 
stroke rehabilitation to explore muscle trajectories in 
a uniform matter and to determine the optimal timing 
to implement interventions is recommended. 
Thirdly, muscle changes are only reported at group 
level. Since stroke patients show an individual reco-
very pattern, it seems advisable to report individual 
muscle trajectories rather than trajectories at group 
level. Research into those individual trajectories 
would make it possible to define subgroups within 
the stroke population for research or clinical pur-
pose and might permit future research to investigate 
the effects of interventions tailored to these specific 
patient profiles. 
Finally, potential confounding factors, which might 
have an influence on peripheral muscle changes, were 
only taken into account to a limited extent. A number 
of these confounding factors are already proposed in 
this review within the context of confounding bias and 
based on experts’ advice (e.g. age, nutrition, physical 
activity) (Appendix 2). These suggested confounding 
factors are not exhaustive and should be further explo-
red in future research. 
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CONCLUSION

Skeletal muscle changes in the first 3 months of stroke 
recovery show a clear trajectory at the group level on 
the paretic side, with an increase in strength (muscle 
strength, grip strength and pinch strength) and a de-
crease in muscle thickness, whereas lean muscle mass 
and muscle CSA were insufficiently investigated to 
draw firm conclusions. More attention on specific th-
erapy regimens, directly aimed at the skeletal muscle, 
is warranted to prevent loss of function and to optimize 
recovery post-stroke. Understanding of “how” muscle 
strength changes are achieved early after stroke could 
lay important foundations for advances in future stroke 
rehabilitation interventions. 
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