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ABSTRACT

INTRODUCTION: Muscle changes after stroke cannot be explained solely on the basis of corticospinal bundle damage. Muscle-specific chang-
es contribute to limited functional recovery but have been poorly characterized.

EVIDENCE ACQUISITION: We conducted a systematic review of muscular changes occurring at the histological, neuromuscular and func-
tional levels during the first year after the onset of post-stroke hemiplegia. A literature search was performed on PubMed, Embase and CINHAL
databases up to November 2022 using a keyword combination comprising cerebral stroke, hemiplegic, atrophy, muscle structure, paresis, skel-
etal muscle fiber type, motor unit, oxidative stress, strength, motor control.

EVIDENCE SYNTHESIS: Twenty-seven trial reports were included in the review, out of 12,798 articles screened. Structural modifications de-
scribed on the paretic side include atrophy, transformation of type II fibers into type I fibers, decrease in fiber diameter and apparent myofilament
disorganization from the first week post-stroke up to the fourth month. Reported biochemical changes comprise the abnormal presence of lipid
droplets and glycogen granules in the subsarcolemmal region during the first month post-stroke. At the neurophysiological level, studies indicate
an early decrease in the number and activity of motor units, correlated with the degree of motor impairment. All these modifications were present
to a lesser degree on the non-paretic side. Although only sparse data concerning the subacute stage are available, these changes seem to appear
during the first two weeks post-stroke and continue up to the third or fourth month.

CONCLUSIONS: Considering these early pathophysiological changes on both the paretic and non-paretic sides, it seems crucial to promptly
stimulate central and also peripheral muscular activation after stroke through specific rehabilitation programs focused on the maintenance of
muscle capacities associated with neurological recovery or plasticity.

(Cite this article as: Aze OD, Ojardias E, Akplogan B, Giraux P, Calmels P. Structural and pathophysiological muscle changes up to one year after
post-stroke hemiplegia: a systematic review. Eur J Phys Rehabil Med 2023 Sep 11. DOI: 10.23736/S1973-9087.23.07844-9)

KEY worbps: Stroke; Hemiplegia; Muscles; Histology; Biochemistry; Recovery of function.

Introduction million years lived with disability (YLDs).2: 3 Stroke may

lead to various disabilities, the most frequent presentation

troke is the third cause of death and the first cause of being hemiplegia.# Rehabilitation conditions and provi-
disability in developed countries.! The prevalence of sion of post-stroke care vary widely between countries.5
ischemic stroke was 24.5 million in 2015, leading to 3 Recommendations have been proposed for post-stroke
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rehabilitation, the techniques employed depending on the
accessibility of available rehabilitation platforms.¢ They
include active or passive central or peripheral re-activation
approaches aiming to limit the effects of immobility and
stimulate brain plasticity to restore autonomy.”

Loss of central activation is not the only factor explain-
ing motor impairment. The preservation of skeletal striat-
ed muscle in hemiplegia remains insufficiently considered
in rehabilitation.® Better awareness of the time course of
the muscular consequences of stroke (paresis, atrophy, re-
traction or fibrosis) appears essential to optimize potential
rehabilitation benefits.8 Complementary protocols focused
on the determinants of motor recovery and mutual plastic-
ity between muscle and brain should also be developed.®
Previous reviews have reported a reduction in lower-limb
muscle mass and strength on both the paretic side (PS) and
the non-paretic side (NPS).5-11

Despite these structural changes, recovery on the PS is
confirmed by an increase in muscle strength independent
of the decrease in muscle thickness from the first months
after stroke.!2 In this latest review, confounding variables
such as neural activation, spasticity, sarcopenia, immo-
bilization, and their specific effects were not considered.
Electrical activity and muscle structure data are still lack-
ing to explain how muscle changes occur in the first year
after stroke. Clear data on changes in muscle structure and
physiology directly related to stroke, as well as those re-
lated to immobility or advancing age, are needed to tailor
early rehabilitation management.

We propose a systematic review of skeletal muscle dam-
age at the acute and subacute stages, extending up to one
year after stroke. Our objective was to characterize muscle
changes at the histological and neuromuscular levels, and
describe the possible functional consequences.

Evidence acquisition
Study selection

We performed a systematic review of clinical trials pub-
lished from 1950 to November 2022, using Medline,
Embase, Cochrane and CINHAL databases, according to
PRISMA guidelines. The main search strategy is presented
in Supplementary Digital Material 1 (Supplementary Text
File 1).

The search results were independently screened on the
identified abstracts and full texts by two reviewers (O.A.
and E.O.), sharing the retrieved citations. If necessary,
a consensus was reached by consulting a third reviewer
(P.C).
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Criteria for study inclusion comprised studies:

* published in peer-reviewed journals;

* published in English;

* including adult patients having experienced ischemic
or hemorrhagic stroke;

* focusing on skeletal striated muscle (in the lower and/
or upper limbs) and including data on muscle structure,
motor control, or chemical or metabolic muscle properties;

* describing muscular changes between stroke onset
and 12 months post-stroke;

* evaluating post-stroke muscular changes using the
following techniques: dual-energy X-ray absorptiom-
etry (DEXA), bioelectrical analysis (BIA), computed to-
mography scan (CT-scan), magnetic resonance imaging
(MRI), electromyography (EMGQG), ultrasonography or
biopsy.

Studies were excluded if:

* the abstracts or full texts were not available;

* the study design was a literature review;

* the post-stroke interval considered was >1 year;

* the study involved evaluation of a drug intervention
or any other technique for muscle preservation;

* the main purpose of the study was to evaluate specific
stroke consequences due to spasticity or co-contractions;

Sources from citations in other studies, reviews, and
meta-analyses were also identified.

Data extraction and quality assessment

For each clinical trial, details were extracted pertaining
to study characteristics (authors’ names, year of publica-
tion, number of patients, biases, funding sources), patient
characteristics (age, time since stroke, gender), treatment
information, data on muscle structure or motor control, or
chemical or metabolic muscle properties. Methodological
quality was evaluated using the Check List developed by
Downs and Black.® For the observational studies included,
questions 4, 8, 14, 15, 15, 19, 23, and 24 (concerning in-
terventional studies) and for the cross-sectional studies,
questions 9 and 26 were not applicable. The maximum
total Check List score was therefore 18 for cross-section-
al studies and 20 for longitudinal studies. Attainment of
a minimum score, defined as 65% of the maximum pos-
sible score according to the type of study, was required to
consider the study as being of good quality.!3. 14 To be in-
cluded, cross-sectional studies had to achieve a minimum
score of 11.7 and longitudinal studies a minimum score of
13. This evaluation was conducted independently by two
authors (O.A. and E.O.) and if necessary, by a third author
(P.C)).
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Eligibility Screening Identification

Included

Figure 1.—Flow chart of study selection.
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Evidence synthesis

We identified 13,298 potentially relevant articles. After
discarding duplicates and selecting articles according to
their titles and abstracts, 241 articles were fully analyzed,
of which 27 were included and subjected to qualitative
analysis (Figure 1).

Eleven were longitudinal studies!5-3! and 16 cross-sec-
tional.32-41 The scores on the Downs and Black question-
naire were 17-18/20 for cross-sectional studies and 19-
29/20 for longitudinal studies (Table I).15-4! All the stud-
ies compared the PS and the NPS. Eight cross-sectional
studies had a control group,!5-20.22-24 but only one of the
longitudinal studies.24

Post-stroke muscular consequences at the structural, his-
tological and biochemical levels

Ten studies focused on the analysis of muscle mass and
structure.!5-18,20,32,33,36,41 Five studies used DEXA, 15,17, 19,23
two CT-scans,37- 4! one ultrasound?? and two biopsies32. 33
(Table II).15. 17-20, 25,32, 33,36, 41

TABLE .—Methodological quality analysis (Black and Downs Check List questionnaire).15-41

Study Ql Q2 Q3 Q5 Q6 Q7 Q9 QI10 QI Q12 QI3 Ql6 Q17 QI8 Q20 Q21 Q22 Q25 Q26 Scores
Longitudinal studies
Ramnemark et al.!s 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 19
Harris et al.6 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Jorgensen and Jacobsen!? 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Carin-levy et al.18 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Lazoura et al.!® 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Nozoe et al.20 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Nozoe et al.2! 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Ishimoto et al.22 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Nozoe et al. 23 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Kostka et al.24 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Irisawa and Mizushima?25 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20
Cross-sectional studies
Chow et al.26 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 18
Arasaki et al.?’ 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 17
Chow and Stokic28 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 18
Chow and Stokic?? 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 18
Maeda et al.30 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 17
Bitencourt et al.3! 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 17
Scelsi et al.3? 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 17
Dietz et al.33 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 17
Bohanon et al.3* 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 18
Andrews and Bohanon35 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 18
Metoki et al.36 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 17
Hara et al.37 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 18
Horstman et al.38 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 18
Horstman et al.3° 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 18
Horstman et al.40 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 18
Maclntyre et al.4! 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 17
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TABLE IL.—Studies investigating post-stroke muscular consequences at the structural, histological and biochemical levels.15:17-20,25,32,33,36,41

Study, design/type

Variables
(parameters
and evaluation
techniques used)

N. (age, years)
(follow-up)

Results

Ramnemark et al.1s
1999
Longitudinal

Fat/lean mass (entire
body, arms and legs,
PS and NPS; DEXA)

19 (12 men, mean age
73.3+4.3 years and
7 women mean age
76.3+10.4 y.)

(From 2 to 4 weeks post-
stroke and at 4, 7 and 12
months)

Non-significant changes in lean mass and fat mass on the PS and the NPS between
inclusion and study end. Substantial individual variations.

Between inclusion and 1 year of follow-up: significant increase in fat mass
(P<0.01), but no decrease in lean mass (P=NS) on the PS compared to the NPS.

At 4 months of follow-up:

« lean mass: -1.5% on the PS versus -0.2% on the NPS (P=NS)

« fat mass: -0.1% on the PS versus -3.5% on the NPS (P=NS)

At 7 months of follow-up:

« lean mass decrease: -2% on the PS versus -0.5% on NPS (P=NS)

« fat mass decrease: +1.5% on the PS versus -3% on the NPS (P=NS)

At 12 months of follow-up:

« lean mass decrease: -0.5% on the PS versus -1% on the NPS (P=NS)

« fat mass increase: +8% on the PS versus +2.2% on the NPS (P<0.01)

Jorgensen and
Jacobsen!?

2001

Longitudinal

Carin-Levy et al.!8
2006
Longitudinal

Lazoura et al.®
2010
Longitudinal

Nozoe et al.20
2016
Longitudinal

Irisawa and
Mizushima2s

2022

Longitudinal without
control group

Fat/lean mass (entire
body, arms and legs,
PS and NPS;

DEXA)

Muscle mass
(anthropometric
measures: girth and
skin folds of arms,
thighs and calves)

Quality muscle: fat/lean
mass (DEXA)

Fat/lean mass
(DEXA)

Quadriceps muscle
thickness

(B-mode ultrasound
imaging

Rectus femoris and
vastus intermedius)

Muscle mass and muscle
quality

(bioelectrical impedance
analysis)

- muscle quality: PsA

- mass: body muscle %

28 (18 men; mean age 75+7
years), comparison of
two groups constituted
according to patient
ambulatory level

(From 7 days after stroke to
12 months)

17 stroke patients (mean
age 66 years)

(From 72 h post-stroke, at
1 to 4 weeks, at 3 months
and at 6 months)

(FIM: initial value: 107;
at 3 months: 121; at 6
months: 121.5)

58 patients (36 men, mean
age 65.75 years and 22
women, mean age 62.36
years)

(At 3, 6 and 12 months
post-stroke)

16 (11 men, mean age
72.1y.)

(Every week between the 1st
and 3rd week post-stroke)

179 (90 men/89 women,
mean age 79.7+11.5y) at
subacute stage (<1 month
poststroke)

Comparison between the 1st
day and after 4 weeks.

At 2 months of follow-up: Decrease in lean mass:

 non-walking patients (N.=12): decrease -6% on the PS P<0.05 versus -5% on
the NPS P<0.05

« walking patients (N.=13): decrease -2% on the PS versus -1% on the PS, P>0.05

At 12 months of follow-up: recovery of lean mass on the NPS, not on the PS

 non-walking patients (N.=3): -5% on the PS versus -1% on the NPS P<0.05 (PS
vs NPS <0.001)

« walking patients (N.=18): -2% on the PS (P>0.05) versus +5% on the NPS
(P<0.05)

Increase in fat mass:

« non-walking patients (N.=3): +15% (P=0.04) on the PS versus +7% on the NPS
(P=0.3)

 walking patients (N.=18): +3% on the PS versus +2% on the NPS, P=0.7

Muscle mass (N.=11 patients):

No significant changes over time between the PS and NPS in the upper and lower
limbs

Quality (N.=11 patients):

At 3 weeks:

Lean mass significantly reduced in the paretic leg compared to the non-paretic leg
(7.51 vs. 7.83 kg, P=0.05)

Significant increase in fat mass in the entire body (P=0.01)

At 6 months:

No longer significant difference in lean mass (7.63 vs. 8.08 kg)

Significant increase in fat mass in the entire body (P=0.01)

Global fat mass: significant increase

6% from the 3rd to the 6" month post-stroke (P=0.004) and 8% between the 6t
and the 12t month (P=0.16),

Significant difference between men and women (P<0.0067)

Global lean mass:

0.5% decrease between the 3rd and the 6t months (P=0.004) and 0.2% decrease
between the 6th and the 12th month (P=0.16).

Decrease constant in women, but only evident during the first 6 months in men.

Limb lean mass decreased on the PS and the NPS with a significant difference
between inclusion and the 314 month (P<0.04) but with no difference between
men and women.

Significant increase in lean mass only on the NPS between the 3rd and the 6t
months (P<0.001).

Limb fat mass increased significantly on both the PS and NPS over time, but
between the 31 and the 6t month the difference was significant only on the NPS
(P=0.001).

Significant decrease in quadriceps muscle thickness in on the PS compared to the
NPS (P<0.05).

PS: muscle thickness decreased significantly every week, by 12.8% (95% CI
5.3-20.2%) between the 15t and the 2nd week and by 10.1% (95% CI 5.2-14.9%)
between the 2nd and the 314 week.

NPS: muscle thickness decreased significantly by 9.3% (95% CI 2.5-16;1%)
between the 15t and the 22d week and by 5.3% between the 21d and the 314 week
but the difference was not significant between the 2nd and the 31 week (95% CI
-1.6 to 12.1%).

After 4 weeks in a rehabilitation center

Muscle quality: increased in both men (4.2 vs. 4.5-degree, P<0.001) and women
(3.3 vs. 3.5-degree, P<0.001).

Muscle mass: no significant change in muscle mass in either men (40 vs. 39.6%,
P=0.21) or women (35.8% vs. 35.4%, P=0.24)

(To be continued)
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TABLE Il.—Studies investigating post-stroke muscular consequences at the structural, histological and biochemical levels (continues).

Variables
(parameters
and evaluation
techniques used)

N. (age, years)

Study, design/type (follow-up)

Results

Scelsi et al.32
1984
Cross-sectional

Histological and
structural fiber
morphology: (fiber
type, fiber distribution,
fiber diameter,
electron-microscopic

16 (9 men, 7 women, mean
age 62.1+2.8 years)

4 groups according to
hemiplegia duration:

G1: 1-2 months

G2: 3-4 months

characteristics) G3: 5-7 months
(Biopsy of anterior G4: 8-17 months
tibialis)

Dietz et al.33
1986

Histological and
structural fiber

Case study (n=4 patients:
initials RR, MA, MR,

Cross-sectional morphology HR):
assessed by electron RR: 44 y., hematoma in left
microscopy: fiber hemisphere
type distribution, fiber MA: 56 y., benign glioma in
diameter) left hemisphere

(Biopsy of left and MR: 63 y., tumor on the
right gastrocnemius left PS
medialis) HR: 53 y., two ischemic
infarctions
Metoki et al.36 MVT 50 (31 men, 19 women,

2003
Cross-sectional

(Cross-sectional CT-scan
on both the PS and the
NPS)

mean age 62.1+2.8 years),
more than 6 months post-
stroke

2 groups (P=0.30)
according to age
(investigation of a
possible senile effect):

G1 <65 years: 74.6+30.3
years

G2 >65 years: 83.2+22.9
years

Subacute Stroke Group (<6
months post-stroke):

11 hemiparetic patients
(6 men, mean age 6949
years)

Chronic Stroke group (>12
months post-stroke)

10 patients able to walk (6
men, mean age 72+12
years)

Control group

13 healthy volunteers (6
men, mean age 71£13
years)

Maclntyre et al.4!

2010

Cross-sectional with a
control group

Muscle mass and density
(pQCT of calf and
tibial muscles)

From 1 to 2 months - on the PS:

« normal distribution of muscle fibers (type I: 66%; type II: 34%)

« preservation of muscle fiber structure, but abnormal presence of lipid droplets
and glycogen granules in the subsarcolemmal region

From 3 to 4 months - on the PS:

« muscle fiber distribution: type I 75.5%; type 11 24.5%

* 40% to 70% with disorganized myofilaments

« additional presence of lipofuscin in the sarcolemma

« microvascular changes

From 5 to 17 months:

- no additional specific changes except a further decrease in muscle fiber diameter,
predominantly with respect to type II fibers

Patient RR at 7 weeks: equal proportions of type I and type II fibers on the NPS
and type II predominance on the PS

Six months later: No further modifications on the NPS. On the PS, atrophy of type
1I fibers leading to equal proportions of type I and type II fibers.

Focal areas of myofibrillar destruction, loss of myofilaments and so-called
‘streaming Z-lines’ associated with loss of mitochondria.

Patient MA at ten months later: strong predominance of type I fibers and slight
selective type II atrophy in the biopsy taken from the PS.

MVT

Significantly lower on the PS than on the NPS (155.6+56.6 and 198.0£67.2 cm3,
respectively, P<0.0001)

Significantly diminished with age (172.7+60.3 versus 227.4+68.8 cm3, P=0.0045).

Positive correlation with the Barthel Index and negatively with age. No significant
relationship with Brunnstrom’s leg score or illness duration.

No significant difference in muscle mass or density between the PS and the NPS.

Muscle mass decreased in the subacute stroke group versus controls: 456.5+110.7
(NPS) and 435.9+111.1 mg/mm (PS) versus 492.9+58.1 (right side) and
484.0+55.2 (left side) mg/mm.

Muscle mass also decreased in the chronic stroke group (460.5+83.4 (NPS) and
456.8492.4 (PS) mg/mm

BIA: bioelectrical impedance analysis; CI: confidence interval; CT: computed tomography; DEXA: dual-energy X-ray absorptiometry; FIM: functional independence
measure; G: Group; GM: gastrocnemius medialis; MVT: muscular volume of the thigh; NPS: non-paretic side; NS: non-significant; P: significance; pQCT: peripheral
quantitative computed tomography; PS: paretic side; NPS: non-paretic side; PsA: muscle quality.

Only two studies described precisely the histologi-
cal changes occurring at an early-stage early stage post-
stroke. The prospective trial conducted by Scelsi et al.3?
reported the changes in fiber composition of the anterior
tibial muscle. On the PS, a normal fiber type distribution
was observed from 1 to 2 months post-stroke. Some fibers
started to show displacement of the nucleus to a central
location, as well as fatty infiltration. From 3 to 4 months,
a change in the proportions of type I and type II fibers
was seen, as well as a decrease in the diameter of both

Vol. 59 - No. ??

types of fiber (approximately -20%). Beyond 5 months,
the relative proportions of type I and type II fibers showed
no further change, but the diameter of type I fibers contin-
ued to decrease. From the first 3 months onward, biopsies
revealed disorganization of 40-70% of the myofilaments
with rupture of the Z-line. As regards microvasculariza-
tion, the basement membrane and media of the capillaries
were thickened and perivascular fibrosis of the small ar-
teries continued up to 5 months post-stroke. On the NPS,
moderate ultrastructural and histological changes were ob-
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served up to 5 months. Biochemical changes were report-
ed only on the PS, between 1 month and 2 months post-
stroke, specifically the abnormal presence of lipid droplets
and glycogen granules in the subsarcolemmal area. These
changes persisted beyond 3 months. After 5 months, lipo-
fuscin storage was evident in the sarcolemma and swol-
len mitochondria were noticeable in areas of myofibrillar
disorganization. This study constitutes the most robustly
documented investigation of the structural and histological
consequences of stroke in hemiplegic patients.

Dietz et al. also reported in a case-series of 4 patients
with hemiparesis a greater decrease in the number of
muscle fibers, particularly type II fibers, on the PS than
on the NPS from 5 weeks post-stroke.33 After 5 months,
a predominance of type I fibers was evident. The changes
on the NPS remained moderate. Biochemical changes in-
cluded myofibrillar lesions, and loss of myofilaments and
mitochondria on the PS. The oxidative capacity of the
muscles decreased owing to reduced NADH-TR enzyme
activity, particularly in type I fibers.

Concerning muscle mass measured by CT scan, Metoki
et al 36 observed a significantly greater reduction in thigh
muscle volume at one week post-stroke on the PS than
on the NPS. Maclntyre et al.#! reported no changes in the
mass or density of the calf muscles in both either subacute
or chronic stroke patients. Nozoe et al.20 reported a signifi-
cant decrease in muscle thickness analyzed by ultrasound
on the PS during the first week post-stroke, associated with
a smaller decrease on the NPS. Separate evaluation of lean
and fat mass by DEXA or BIA monitoring showed a de-
crease in lean mass on the PS, whereas fat mass increased
to an extent varying according to locomotion recovery.
Recently, Irisawa and Mizushima reported that muscle
quality analyzed by-BIA was correlated with functional
recovery at the end of 4 weeks of rehabilitation.2S In pa-
tients at the acute stage post-stroke, Ramnemark et al.!5
showed in the body no significant change in either lean or-
fat mass in the body as a whole, whereas a significant loss
of fat mass at 4 months, greater at 7 months, was observed
in the lower limbs. Subsequently, lean mass started to re-
cover progressively. Jorgensen and Jacobsen,!7 showed a
significant loss of lean body mass in the non-ambulatory
group at 2 months, but during the following 10 months,
significant recovery was evident on the NPS, particularly
in patients who had recovered the ability to walk. Carin-
Levy et al.,'8 reported a significantly lower limb lean mass
on the PS than on the NPS at 3 weeks post-stroke, but no
significant change in limb lean tissue cross-sectional area
or muscle mass at 6 months. No further significant change
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occurred after 6 months. A significant overall increase in
fat mass was noted. Lazoura et al.!® reported a decrease
in lean mass and an increase in total body fat mass at 12
months post-stroke. Total lean mass loss remained minor
during the entire year post-stroke, fat mass even increasing
during the second semester.

Post-stroke effects on muscular function at the neuromus-
cular level

Changes in neuromuscular function during stroke were
studied by electromyography (EMG) in eight stud-
ies,21,26-29.31,33,37.38 four of which included a control group
of healthy subjects26-29.38 (Table I1I).2!, 26-28, 31, 33,37, 38

Two case reports showed a decrease in motor unit (MU)
activity in the lower limb after chronic post-cerebral le-
sions with concomitant reduced spontaneous activity.33
These changes were related to the severity of the paretic
deficiency and were significantly greater on the PS than
on the NPS. Arasaki et al.-reported a rapid decrease in the
number of MUs reflected both by a reduced number of
electrically excitable motor axons and a decreased excit-
ability of spinal a-motor neurons and their axons.?’

Decreased MU activity on the PS is also explained by
the difficulty in recruiting motor units. Horstman et al.3%
reported a significant decrease in EMG-assessed activity
of the knee extensors (KE) and flexors (KF) during maxi-
mal KE contraction on the PS compared to both the NPS
and the right leg of control subjects. The coactivation was
significantly higher on the PS as regards the KF during
maximum voluntary extensor contraction. For the authors,
this reflected activation failure of the descending motor
tracts on the PS and to a lesser extent on the NPS, con-
tributing to inability to exploit contractile velocity for ex-
tensor strength. According to Chow and Stokic this could
be explained by adverse changes in the force-power spec-
trum developed on both the PS and the NPS with increas-
ing contraction intensity.28 Chow and Stokic considered
that this change in modulation with increasing contraction
could be explained by a lesser capacity to execute motor
tasks and recruit additional MUs.2% These same authors,
in 2014,28 reported that these changes were accompanied
by a decrease in the maximum voluntary isometric muscle
strength on the PS which disappeared in patients with good
motor recovery. Nozoe et al. evaluated in acute stroke pa-
tients motor nerve conduction by electrical stimulation
from the peroneal nerve, lower limb muscle wasting (ex-
pressed by quadriceps muscle thickness [QMT]) by ultra-
sound, and muscle strength.2! They reported a significant
correlation between differences in compound motor action
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TABLE lIl.—Studies investigating post-stroke effects on muscular function at the neuromuscular level 2!, 26-28,31,33,37.38

Study, design/type

Variables

(localizations and techniques)

Results

Nozoe et al 2!
2020
Longitudinal

Chow and Stokic26
2011
Cross-sectional

Arasaki et al.27

2009

Cross-sectional with
a control group

Chow and Stokic28

2014

Cross-sectional and
retrospective

Chow and Stokic2?
2013
Cross-sectional

Bitencourt3!
2022
Cross-sectional

Motor Nerve Conduction
(CMAP and MCV after
electrical stimulation of

peroneal nerve)

Lower limb muscle wasting
(QMT with ultrasound)
Lower paretic leg muscle

strength (MI)

Isometric quadriceps strength
on the NPS and PS in stroke
patients and on the dominant
leg in the control group.

Peak force measured at 10%,
20%, 30%, 50% and 100%

of MVC.

The CV was used to quantify

force variability.

Different power spectra were
tested for evaluation of the
force signal: 0-3, 4-6, and

8-12 Hz bands.

Estimated number of MUs

(MUNE)

F-wave MUNE method and

needle EMG

(Hypothenar muscle group)

Isometric quadriceps strength
on the NPS and PS in stroke
patients and on the dominant
leg in the control group.
Peak force was measured at
10%, 20%, 30%, 50% and
100% of MVC. The CV
was used to quantify force

variability.

Different power spectra were
tested for evaluation of the
force signal: 0-3, 4-6, and

8-12 Hz bands.

Evaluation of the force signal
NPS, NPS and dominant leg in

the control group

with different power spectra:
0-3, 4-6, and 8-12 Hz bands

EMG patterns with motor and

sensory conduction

at rest, slight effort, and

maximum effort

18 patients evaluated (4
women, 14 men)

Median age: 68+14 years

10 ischemic stroke and 8
hemorrhagic stroke

Two evaluations at 2+2 days

and 2 weeks later

34 patients (18 men, mean age
65+15 years and 16 women;

Time post-stroke: 17+4 days
Control group: 20 (15 men;
mean age 64+12 years, 5
women; mean age 64+12

Stroke patients: 3 groups

Group 1: 6 patients with
cerebral infarction but no
motor hand weakness during
the first 24 hours after stroke

Group 2: 8 patients with acute
motor hand weakness during
the first 24 hours after stroke

Group 3: 16 patients with
motor hand weakness due
to subacute or chronic
unilateral cerebral infarction.
Control group: 13 healthy

23 chronic stroke patients
(mean age 65+14 years),
from 6-12 months
post-stroke (no clinical
hypertonia) of whom 10
(64+£15 years) underwent
two evaluations: at 11-22
days (subacute stage) and at
6-8 months post-stroke.

Control group: 15 healthy
subjects (mean age 6548
years) tested on their

Stroke patients: 34 patients
(18 men, mean age 65+15
years and 16 women; 61411

Time post-stroke: 17+4 days
Control group: 20 (15 men;
mean age 64+12 years, 5
women; mean age 64+12

20 patients (10 male, mean
age 65+14 years)
Evaluation <72 h post-stroke

Between 15t and 2nd evaluation:

CMAP amplitude or MCV did not change significantly.

MI increased significantly (P=0.001) and QMT decreased significantly on
both sides (PS P=0.014; NPS P=0.003).

QMT was less in the PS than on the NPS.

The percentage differences in CMAP amplitude were significantly correlated
with the percentage differences in QMT only on the PS (R=0.604,
P=0.008).

The percentage differences in MCV were not significantly correlated with
the percentage differences in QMT.

There was no significant correlation between the percentage differences
in the CMAP amplitude, and the percentage differences in MCV and the
lower limb MI variation.

Mean quadriceps strength was higher in the control group than on the PS
and NPS in the stroke patients (179+58 versus 133+55 versus 93+44 Nm,
respectively).

The relative power increased in the 0-3 Hz band and decreased in both the
4-6 and 8-12 Hz bands in the paretic leg only (P<0.001).

Progressively stronger contractions resulted in a significant decrease in
relative power in the 0-3 Hz band and an increase in the 8-12 Hz band in
the control subjects but not in the stroke patients.

The patients in group 1, with no hand weakness, manifested no reduction in
the MUNE either on the PS or on the NPS.

The MUNE decreased on the PS in the group with cerebral infarction (24
patients) with no reduction on the NPS.

A significant decrease in the MUNE was seen on the PS in the 8 patients
tested within 4-30 h after the onset of cerebral infarction.

The MVC torques were significantly lower in the paretic leg of the stroke
patients (99445 Nm) compared to either the non-paretic leg (138451 Nm)
or the dominant leg in the controls (P<0.001)

Significantly smaller MVC torques were persistently observed after
normalization on the body mass (164+57 Nm).

From the subacute to chronic stage, the CV decreased significantly only
in the paretic leg (P<0.001) with a similar trend in the non-paretic leg
(P=0.028).

No significant changes in spectral frequency and entropy parameters were
seen.

In the paretic leg, the MVC difference was not correlated with the CV, or
with frequency or entropy measures (P=0.093).

The relative power increased in the 0-3 Hz band and decreased in both the
4-6 and 8-12 Hz bands in the paretic leg only (P<0.001).

Progressively stronger contractions resulted in a significant decrease in
relative power in the 0-3 Hz band and an increase in the 8-12 Hz band in
the control subjects but not in the stroke patients.

Abnormal EMG patterns for 40% of patients on the PS:

o Atrest: 50% of PSW, 62.5% of fibrillation, and 25% of fasciculations
mainly in the distal arm and hand muscles.

* During contraction: no activity 35%, normal activity 50%, increased
activity 50%.

« Positive correlation between stroke severity (NIHSS score) and the
presence of an abnormal EMG.
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TABLE lIl.—Studies investigating post-stroke effects on muscular function at the neuromuscular level.21.26-28,31,33.37.38 (continues).

Variables
(localizations and techniques)

N. (age, years)

Study, design/type (following)

Results

Dietz et al.33
1986
Cross-sectional

MU activation
(EMG on GM and TA)
Table I)

Estimated number of MUs
(MUNE)

(F-wave MUNE method and
needle EMG on the median
innervated thenar muscle
and APB)

Hara et al.37
2004
Cross-sectional

First EMG at a mean of 19

mean age 65.3 years)

year after stroke onset (5

men, 4 women, mean age

59.1+8 years)

Horstman ef al.38

2008

Cross-sectional with
a control group

Isometric muscle strength

MVC and electrically evoked
forces of KF/KE with LEXS

Voluntary activation and
coactivation of KE

MVC with electrical
stimulation (Digitimer
DSH?7 stimulator) on both
knee extensor muscles for
the stroke patients and on
the right side only for the
control group EMG (Biotel
99)

women)

5 women)

at least 1 day of rest in
between).

2 cases studied: patients RR
and MA (patient initials) (cf.

days after stroke in 14 stroke
hemiplegia subjects (9 men,

2nd and 314 EMG in 9 of the
patients at 3 months and 1

14 stroke patients, mean age
55.9+10.4 years (10 men, 4

12 able-bodied controls, mean
age 58.1+12.2 years (7 men,

(4 evaluation sessions with

RR: From stroke onset to 7 weeks:

Discharge patterns of 12 different MUs recorded on the NPS and those of 11
MUs on the PS: 5.55+0.9 versus 5.354+0.5 imp/s.

MA: From stroke onset to 9 months: Both patterns showed clear differences
in the mode of leg muscle activation between the NPS and the PS. GM
activation was reduced on the PS.

During the first month post-stroke:

The maximum M-potential negative amplitude on the PS (mean+SD:
9.4+3.0 mV) was significantly smaller than that on the NPS (mean+SD:
11.5+2.8 mV) (P<0.01).

Negative amplitudes of S-MUAP were the same on the PS (37.3£9.8 mV)
and NPS (37.6£12.9 mV).

The mean+SD number of MUs on the PS (237+50) was significantly smaller
than that on the NPS (316+43) (P<0.01).

MU loss began at 9 days post-stroke on the PS and was greater in patients
with severe hemiparesis.

At 3 months and 1 year post-stroke:

All the stroke patients showed spontaneous activity in the hemiparetic APB
muscles 3-4 months after stroke, but only one patient 1 year later.

No statistically significant difference in MU number between the PS and the
NPS was seen at 3 months and 1 year post-stroke No significant difference
was found between the PS and NPS for median motor nerve conduction
velocity (52.7 vs. 57.8 m/s) or minimum F-wave latency (mean: 27.7 vs.
26.7 ms).

Isometric muscle strength: significant decreases in force
KE: control vs. PS vs. NPS: 223448 vs. 152+55 vs. 62+48 newtons, P<0.05

for control and NPS compared to PS
KF: control vs. PS vs. NPS: 90429 vs. 56+27 vs. 10+£16 N, P<0.05
KE/KF: 0.440.07 vs. 0.36+0.09 vs. 0.1440.1, P<0.05

Voluntary activation (%): significant decrease

Control vs. NPS vs. PS: 93.6+4.1 vs. 75.1+7.3 vs. 57.8424.6, P<0.05 for
control and NPS compared to PS.

Coactivation

The rsEMG/rsEMGmax ratio used as a measure of coactivation of the KE
during flexion did not differ significantly across groups but was higher for
the biceps femoris and medial gastrocnemius during knee extension on the
PS vs. the NPS and vs. controls

APB: abductor pollicis brevis; CMAP: compound muscle action potential amplitude; CV: coefficient of variation; EMG: electromyogram; GM: gastrocnemius
medialis; KE: knee extensor; KF: knee flexion; LEXS: lower extremity system; MCV: motor conduction velocity; MVC: maximal voluntary contraction; MI: Motricity
Index; MU: motor unit; MUNE: motor unit number estimate; NIHSS: National Institute of Health Stroke Scale; NPS: non-paretic side; PS: paretic side; PSW: positive
sharp waves; QMT: Quadriceps Muscle Thickness; S-MUAP: surface motor unit action potentials; TA: tibialis anterior.

potential amplitude (CMAP) and differences in PS QMT
on the PS. In contrast, they found no significant relation-
ship between the differences in motor nerve conduction
velocity (MCV), QMT and lower-limb muscle strength.
For these authors, differences in the decrease in CMAP
amplitude on the PS were due to the loss of MU. Inter-
estingly, neuromuscular changes can begin as early as the
first few hours after stroke.

Abnormal activity is detected in 40% of paralyzed up-
per extremity muscles, with variability in responses cor-
related with stroke severity and muscle strength deficit.3!

Consequences of functional changes

Fourteen studies investigating functional changes were
identified,!6, 18, 22-26, 30, 34, 35, 38-41 of which eight did not in-
clude a control group (Table 1V).22,23,30,38-41 Many of the
studies reported muscle weakness and a decrease in muscle
strength, on both the PS and the NPS. As regards the upper
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limbs, Bohannon et al. noted a significant deficit of upper
limb strength between 10 and 36 days post-stroke, as well
as a significant difference between the PS and NPS.34. 35
Irisawa and Mizushima confirmed an increase in shoulder
abduction strength after 4 weeks of stroke rehabilitation.25
A similar progression in deficit was seen on both sides for
grip strength and KE strength from 72 hours post-stroke to
the end of the 6-month follow-up, significantly greater on
the PS than on the NPS.18 Horstman et a/.38 also found a
decrease in KE and KF strength evident on both sides but
greater on the PS than on the NPS. These authors addition-
ally reported a correlation between loss of Maximal Vol-
untary Contraction (MVC) and functional performance. In
a further published study concerning the same cohort and
using the same methodology, they reported a correlation
between muscle weakness and short muscle length.3% A
subsequent comparison of the rates of muscle contraction
and muscle fatigue in the KE of hemiplegic patients and
control subjects revealed a slowing of muscle contractibil-
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ity and relaxation in the hemiplegic patients. Both con-
tractibility and relaxation were slower and weaker on the
PS than on the NPS.40 Chow and Stokic?® assessed the KE
muscle isometric strength of hemiplegic patients. The pa-
tients have a pronounced decline in maximum strength of
the PS quadriceps compared to the NPS, and on both sides

AZE

compared to the control group. In stroke survivors with
subacute hemiparesis, Maclntyre et al.4! found a decrease
in KE and ankle plantar flexor (APF) muscle isometric
strength, greater on the PS than on the NPS. A correlation
between muscle strength and muscle density was found
only for the APF muscle.

TABLE IV.—Studies investigating on the functional consequences of muscle changes.16. 18.22-26, 30, 34,38-41

Variables
(localizations and techniques)

N. (age, year:

Study, design/type (following)

s)

Results

Harris et al.'6

2001

Longitudinal with a
control group

Isometric quadriceps strength

(Magnetic femoral nerve
stimulation (Tw Q) and MVC
- Test on the NPS of stroke
patients and on the right side of
control subjects)

TCT

Stroke group: 10 patients

mean age: 73.6+11 years

within 48 h after stroke

first evaluation of the stroke group)

Isometric muscle force
(Hand grip strength, MVC of KE)

Carin-Levy et al.18
2006

Longitudinal and at 3 and 6 months)

FIM initial, 107; 3 months, 121; 6

months, 121.5)

Ishimoto et al.22 QMT - fat and muscle mass

women) with supratentorial cerebral
infarction (5 cortical and 5 lacunar),

Control group: 10 healthy subjects,

mean age: 71.9+6.8 years
(Two evaluations separated by 7 days,

17 stroke patients (mean age 66 years)
(From 72 h post-stroke, at 1 to 4 weeks,

11 patients (8 women, 3 men).

(6 men, 4 Isometric quadriceps strength

« First evaluation
* Stroke group: median (95% CI) Tw Q and MVC values were

respectively 7.6 kg (4.4-9.9 kg) and 12.15 kg (7.9-30.8 kg).

* Control group: median (95% CI) Tw Q and MVC values
were respectively 9.4 kg (6.1-12.5 kg) and 37.2 kg (23.8-
54.6 kg)

* Second evaluation
* Stroke patients: median (95% CI) Tw Q and MVC values

were respectively -16.2% (-6% to -25.9%) and -30.45% (0%
to -78.6%) (P<0.01)

* Control group: median (95% CI) Tw Q and MVC values
were respectively +1.75% (-9.8% to 8%) and +5.45%
(-15.1% to 22.7%) (NS)

* TCT:

* Asignificant correlation was observed between the
percentage fall in Tw Q and both change in TCT score
(rs=0.83, P<0.01) and percentage change in body weight
(rs=0.83, P<0.01)

Hand grip strength (N): PS vs. NPS: 78.5 (IQR 0-188.7) vs.
171.6 (IQR 103-318.7) P<0.004 at week 1, and 98.1 (IQR
0-220.6) vs. 245.2 (IQR 107.9-313.8) at week 24, P>0.05 for
repeated measures over time on both sides.

MVC KE (N): PS vs. NPS: 258.4 (IQR 156-360.9) vs. 270.3
(IQR 135.9-404.7); P=0.66 at week 1, and 228 (IQR 166.4-
356.2) vs. 324 (IQR 200.8-414); P=0.018 at week 24, P>0.05
for repeated measures over time on both sides

PS: quadriceps echo intensity was significantly lower than at
admission (88.6+23.8 versus 68.6+13.2; P=0.01)

NPS: QMT was higher than that at admission (18.3+4.5 versus
20.8+4.0; P=0.02).

A significant negative correlation was noted between the
quadriceps echo intensity changes and the FIM gait score.

A significant positive correlation was noted between the QMT
changes and the FIM gait score gain on the NPS.

onset for the

2020 (B mode ultrasound imaging of 4 hemorrhagic stroke and 7 ischemic
Longitudinal RF and VI) stroke.
FM Mean age: 76.1+5.1 y.
FIM Time post-stroke at 1st evaluation:
28.8+10.6 days.
Time between st and 2nd evaluation:
81.9 days
FIM gait score:
at 1st evaluation: 3.0 (1.5-4.0)
at 2nd evaluation: 6.0 (5.0-6.0)
Nozoe et al 23 QMT 55 acute post-stroke patients (14
2020 (B mode ultrasound imaging of women, 41 men) with inability to
Longitudinal RF and VI on PS and NPS 1 walk without assistance within one

PS: The % QMT differences were not significant between the
ambulatory independent and dependent groups.
NPS: the % QMT differences were significant between the

after admission.
Mean age: 65+10 years

week post-stroke and 2 weeks
after 1st examination

% QMT differences was 28 hemorrhages et 27 infarcts
evaluated Two evaluations: 3+3 days post stroke
FAC and 2 weeks later

ambulatory independent and dependent groups (5.5% [8.7%)]
vs. 16.8% [13.6%], respectively; P<0.001).

% QMT difference remained significantly associated with
dependent ambulation, odds ratio of 0.86 (95% CI, 0.75-0.98;
P=0.02).

28 in dependent group FAC 0-3 and 27
in independent group FAC 4-5) at 3

months post-stroke
Muscle function deficit
Pmax
vopt
Functional capacities (TUG, BI,
RMI

Kostka et al.24

2019

Longitudinal with a
control group

Time post-stroke between
3 months

Irisawa and Muscle strength

Mizushima25 (Dynamometer) 79.7£11.5 years) at subacute stage
2022 Shoulder abduction on the NPS (<1 month poststroke)
Longitudinal without  (kg) Comparison between the 15t day and

control group FIM score after 4 weeks.

67 patients (22 women, 45 men)
67 controls, matched for age and sex

179 (90 men/89 women, mean age

Significant correlation between Pmax/kg, vopt and TUG for
post-stroke patients

Post-stroke patients: Pmax/kg and vopt related to the BI
(p=0.48; P<0.001 for Pmax/kg; p=0.42; P<0.001 for vopt)
and to the RMI total results (p=0.58; P<0.001 for Pmax/kg;
p=0.46; P<0.001 for vopt)

After 4 weeks in a rehabilitation center

- Muscle strength increased in men (18.6 vs. 22.9 kg, P<0.001)
and in women (182.4 vs. 16.8 kg, P<0.001).

FIM score increased in men (39.5 vs. 55.7, P<0.001) and in
women (38.6 vs. 52.8, P<0.001).

2 weeks and
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TABLE [V.—Studies investigating on the functional consequences of muscle changes.16:18.22-26,30,34,38-41 (continues).

Study, design/type

Variables
(localizations and techniques)

N. (age, years)
(following)

Results

Chow and Stokic26

2011

Cross-sectional with
a control group

Chow and Stokic??
2013
Cross-sectional

Maeda et al.30
2020
Cross-sectional

Bohannon et al.34
1991
Cross-sectional

Andrews and
Bohannon33s

2000

Cross-sectional

Horstman et al.38

2008

Cross-sectional with
a control group

Horstman et al.3

2009

Cross-sectional with
a control group

Isometric muscle strength
measured on quadriceps

MVC and submaximal force
control 10%, 20%, 30%, or
50% of the MVC.

CV and RMSE to quantify force
variability and error.

Functional performance

Lower extremity motor section of
the FM and

RMI to calculate the correlation
between functional tests and
force measures

Tests on the less-affected and
more-affected legs in stroke
patients and on the dominant
leg in control subjects

Isometric quadriceps strength

on the NPS and PS and on the
dominant leg in the control
group.

Peak force measured at 10%,
20%, 30%, 50% and 100% of
MVC.

CV was used to quantify force
variability.

Relationships of gait
independence with MT and EI
in quadriceps femoris

Elbow flexion strength
(Dynamometer)

Strength
(Hand-held dynamometer)

Functional performance

assessed by TUG, 10-meter walk
test, BBS, MI, FA, Fugl-Meyer
test (FM) for lower limb and
RMI

Isometric muscle strength

MVC measured LEXS on KF/KE
of both legs at 30°, 60°

and 90° knee angles

Electromyographic activity

EMG (Biotel 99) on extensor and
flexor muscles of both knees

33 patients (13 women, 20 men; mean
age: 62+13 years) with sufficiently

high motor abilities to walk.

Time post-stroke: 16+2 days
Control group: 20 healthy subjects (6

women, 14 men; mean age: 62+10
years)

Stroke patients: 34 patients (18 men,

mean age 65+15 years and 16
women; 61£11 years)

Time post-stroke: 17+4 days
Control group: 20 (15 men; mean age
64+ 12y, 5 women; mean age 64+12

years)

43 post-stroke patients (21 mild, 22

severe; 27 men, 16 women)

Mean age: 66.3+13.1 years
Time since stroke onset: 84.6+39.0;

73.2+36.3; 95.5+40.0 (mean days)

Rehabilitation hospital stay 52.4+34.5;

43.7432.6; 60.6+35.0 (mean days)

24 stroke patients (mean age: 70+10.3

years)

Time post-stroke: 36.4+33.5 days

31 stroke patients (mean age: 70+10.3

years)

(Follow-up: 2 evaluations at 10.0+6.3

and 27.7+14.6 days post-stroke)

14 stroke patients, mean age 55.9+10.4

years (10 men, 4 women)

12 able-bodied controls, mean age

58.1+12.2 years (7 men, 5 women)

(Four evaluation sessions with at least 1

day of rest in between.)

14 stroke patients, mean age 55.9+10.4

years (10 men, 4 women)

12 able-bodied control subjects, mean

age 58.1+12.2 years (7 men, 5
women)

The MVC was significantly smaller in the more-affected leg
than in the less-affected leg in stroke patients (97+43 vs.
140+56 N/m; P<0.001) and significantly lower than in the
dominant leg of control subjects, after normalization of
performances to body mass.

The CV was significantly smaller in controls compared with
either the more-affected leg (P<0.006) or the less-affected leg
(P<0.023) of stroke patients across all force levels.

The RMSE was significantly different between groups only at
higher force levels, specifically at 50% force when all groups
differed significantly from one another.

No significant correlation between force variability and motor
scores was seef.

Mean quadriceps strength was higher in the control group than
on the PS and NPS in the stroke patients (179+58 versus
133+£55 versus 93444 Nm, respectively).

- MT PS (19.8+5.5 mm) < NPS (25.0+6.6) P<0.05 for all
patients (20.5+6.0 for mild and 19.0£5.1 for severe cases vs.
22.9+6.2 and 27.0+6.5).

- EI PS (87.0+12.3 mm) > NPS (79.8+12.4) for all patients
(87.2+13.2 for mild cases and 86.9+11.6 for severe cases vs.
82.3+12.6 and 77.4+11.9

- FIM gait scores

In the mild hemiparetic group, correlation with PS MT (rho =
0.60, P<0.01) and PS EI (rho =-0.57, P<0.01).

In the severe hemiparetic group, correlation with PS MT (rho =
0.67, P<0.01), PS EI (rho = -0.43, P<0.05), NPS MT (rho =
0.86, P<0.01), and NPS EI (rho = -0.56, P<0.01)

Elbow flexion force on the PS was lower than on the NPS:

« Shoulder adducted position
* Trial 1: 5.7944.38 versus 16.47+5.69 kg
* Trial 2: 6.064+4.60 versus 16.57+5.66 kg

* Shoulder abducted position
e Trial 1: 5.66+4.38 versus 17.23+5.81 kg
* Trial 2: 6.064+4.60 versus 16.69+5.99 kg

Strength was impaired with respect to all muscle actions on both
the PS and the NPS (P<0.001) with a significant difference
between the PS and the NPS (P<0.001)

* Initial assessment:

* PS: strength decrease ranged from 19.8% to 33.9% of
normal

* NPS: strength decrease ranged from 60.1% to 89.5% of
normal

« Final assessment:

* PS: strength decrease ranged from 29.3 to 44.5% of normal
* NPS: strength decrease ranged from 65.4 to 88.8% of normal

« Functional performance

Significant correlations and trends were found between
voluntary muscle contraction and both FM and MI.

A significant correlation was also seen between activation on
both sides and RMI, 10 m walk test results, and FAC, BBS,
TUG, FM and MI scores.

Extensors and flexors of both knees showed significant group
and angle effects (P<0.01). As regards the paretic knee,
extensors showed lower normalized maximal torques (73%)
and lower normalized activation (71%) at 30°. Flexors at
60° and 90° were also significantly weaker 64% and 45%
respectively than control.

Lower muscle torque at shorter muscle lengths was associated
with a length-dependent lower voluntary activation.

Co-activation did not differ significantly between the PS and
NPS in stroke patients or between the stroke patient and
control groups.
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TABLE [V.—Studies investigating on the functional consequences of muscle changes.16:18.22-26,30,34,38-41 (continues).

Variables
(localizations and techniques)

N. (age, years)
(following)
Patients with subacute stroke (N.=14)

Able-bodied age-matched control
subjects (N.=12)

Study, design/type Results

Horstman et al.40

2010

Cross-sectional with
a control group

Isometric muscle strength and
fatigue and fast voluntary
isometric contractions

HRTs and MRTDs

In stroke patients:

MRTDs was significantly lower during voluntary contractions
on both the PS (53% of control, P=0.022) and the NPS (71%
of control, P=0.001), but there were no differences between
groups during electrically evoked contractions (P=0.117)

HRTs were significantly higher on both the PS (134% of control
values, P=0.001) and the NPS (123% of control values,
P=0.032) indicating slowing of muscle function.

On the PS, muscle fatigue was greater and occurred more
rapidly than in control subjects (P=0.011) and on both the PS
and the NPS, recovery was slower than in control subjects
(P=0.001).

Side-to-side differences were observed in acute stroke patients
with regard to mean KE strength (PS: 0.69+0.34 Nm/kg; NPS:
1.04+0.40 Nm/kg) and its decrease compared to control group
values (right side: 1.15+0.26; left side: 1.12+0.33 Nm/kg).

Side-to-side differences in stroke patients were also observed
with respect to mean APF strength (PS: 0.21+0.21 Nm/kg
NPS: 0.47+0.18 Nm/kg) and its decrease compared to control
values (right side: 0.71£0.29; left side: 0.70+0.26 Nm/kg).

APF: ankle plantar flexor; BBS: Berg Balance Scale; BI: Barthel Index; CG: control group; CI: Confidence Interval; CV: coefficient of variation; EI: echo intensity;
EMG: electromyogram; FAC: functional ambulation category scores; FIM: Functional Independence Measure; FM: Fugl-Meyer test; HRTs: Half-relaxation times;
IQR: Interquartile; MRTs: maximal rates of torque development; MI: motricity index; KE: knee extensor; KF: knee flexion; BBS: Berg Balance scale; MVC: maximal
voluntary contraction; MRTD: maximal rates of torque development; HRTs: half-relaxation times; KE: knee extensor; MT: muscle thickness; NPS: non-paretic side;
NS: not significant; Pmax: Maximal muscle power; PS: paretic side; RF: rectus femoris; RMI: Rivermead mobility index; RMSE: root-mean square error; QMT:
quadriceps muscle thickness; TCT: Trunk Control Test; TUG: Timed Up-and-Go Test; Tw Q: magnetic femoral nerve stimulation; VI: vastus intermedius; vopt:

Maclntyre et al.4!
2010
Cross-sectional

Isometric strength
(APF and KE)

Subacute Stroke Group (<6 months):
N.=11 (6 men; mean age 69+9 years)

Chronic Stroke group (>12 months):
N.=10 (6 men; mean age 72+12
years)

Control group: N.=13 (6 men; mean
age 71+13 years)

Optimal shortening velocity; %QMT: differences in QMT on both sides.

Kostka ef al.24 assessed maximal muscle power (Pmax)
and optimal shortening velocity (vopt, the velocity at which
power reaches a maximum value) of the KE muscles using
a specially equipped cycle ergometer. The results obtained
revealed significant deficits in Pmax/kg, vop, Timed Up
and Go test variables and correlations in the post-stroke
group. The muscle power generated by post-stroke pa-
tients was only 49.6% of that of the control group, muscle
contraction velocity being only 65.5% of the control value.

With regard to muscle thickness, Nozoe et al.23 evalu-
ated quadriceps muscle (QMT) changes in 55 hemiplegic
patients at 1 week and 3 weeks post-stroke. A significant
reduction in percentage QMT differences according to
functional ambulation ability at 3 months (expressed as the
Functional Ambulation Category ([FAC]) was observed
only in the non-paretic limb. Ishimoto et al.2? evaluated
intramuscular fat and muscle mass by ultrasound in stroke
patients between their admission to and discharge from a
rehabilitation unit. At discharge, the quadriceps echo in-
tensity on the PS was significantly lower than at admis-
sion, the decrease being correlated with gait independence.
QMT was significantly greater on the NPS. Maeda et a/.30
found that QMT was associated with the degree of gait
independence attained. Muscle atrophy may therefore be a
limiting factor for achieving gait independence.

Harris et al.'¢ evaluated quadriceps strength within the
first 48 hours post-stroke and at one week. Their meth-

Vol. 59 - No. ??

odology combined assessment of maximal voluntary con-
traction and the contraction induced by magnetic stimula-
tion of the femoral nerve. The results showed a decrease
in both contractions during the first week post-stroke com-
pared to the control group.

Summary of the evidence

This literature review, focusing on the earliest post-stroke
muscular changes, indicates:

* a loss of lean mass starting from the first week
post-stroke, in both upper- and lower-limb muscle tis-
sue!s. 20 and continuing up to 3 months predominantly on
the PS.17.20 This loss seemed to be more significant in the
lower limbs at 4 months, reaching a maximum at around 7
months.!5. 19 After 6 months, the loss of muscle mass was
correlated with functional recovery,3¢ but with individual
variations, !5 the loss of lean mass being associated with an
increase in body fat.15. 18,19 This decrease in muscle mass
has already been reported at the chronic stage on both the
PS and the NPS, correlated with the degree of muscle un-
derutilization;!0. 42

* a profound alteration of muscle structure at the sub-
acute stage was observed, with changes in the relative pro-
portions of type II fibers (decreased) and type I fibers (in-
creased), as well as in fiber size and microvascularization.
Hafer-Macko et al.43 and von Walden et a/.#4 highlighted
the fiber phenotype variations at the chronic stage, corre-
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lated with the severity of the patients’ neurological deficit.
Structural modifications were predominantly seen on the
PS32 and have already been reported in the upper limbs;!!

+ a lack of data regarding histological changes in early-
stage post-stroke patients. Only Sclesi et al.32 and Dietz
et al.33 described early structural changes in fiber distri-
bution, as well as a decrease in fiber size and changes in
myofibrils and the vascular network. These authors also
reported a link between an inflammatory state and the im-
plication of TNF-q, insulin resistance and myostatin in the
histological changes. The existence of a pro-inflammatory
state, as well as nutritional status, should therefore be tak-
en into consideration, especially in frail patients and those
displaying multiple comorbidities;

* in terms of neuromuscular activity, an early decrease
in MU number and activity possibly explained by a lower
recruitment of motor neurons and a decrease in their excit-
ability.27. 33,37 The decrease in the number of MUs is as-
sociated with structural reorganization of neuromuscular
anatomy, with degeneration of the motor neurons respon-
sible for axonal sprouting and collateral re-innervation.45
Trans-synaptic degeneration of a-motor neurons has been
described, secondary to deprivation of the inputs normally
received through descending motor pathways.4¢ Based on
the limited data available, these changes seem to com-
mence during the first two weeks after stroke and continue
up to the end of the 3rd or 4th month. Moreover, impair-
ment of the central control of MU activation could induce
a further exacerbation of residual muscle contraction as a
result of potentially inefficient and disorganized peripheral
MU control;47

+ functionally, a decrease in maximum voluntary force
atavery early stage, on both the PS and the NPS.16.26,33,35,41
The data reported by Harris et al.1¢ and Horstmann ez a/.38
show a decrease in the force induced by electrical stimula-
tion, independent of neuronal activation deficiency. This
reflects lower intrinsic muscle activation in addition to
the decrease in central neuronal activation on the PS. For
Horstman et al.,3% these factors are related to post-stroke
effects associating muscular atrophy, more or less persis-
tent neuromotor deficiency and disturbances in excitabil-
ity. These mechanisms hamper the rapid development of
maximum force and lead to longer relaxation times and
lower fatigue resistance. Further deficiencies due to ad-
vanced age or non-use of muscles may also be observed.

This review confirms the objective consequences of
stroke on both the PS and the NPS. With regard to recu-
peration, even though imaging and neurophysiological
markers are currently available for analyzing the potential
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for recovery through resumption of cortico-spinal bundle
activity, the availability of a muscle-specific biomarkers
to monitor muscular damage and recovery would be very
useful at the acute post-stroke stage.45

Our review reinforces the need to set up rehabilitation
programs focused designed to-maintain muscle capaci-
ties as soon as possible after post-stroke paresis,3® recov-
ery occurring predominantly within 3 to 6 months after
stroke.48-50

Limitations of the study

This review has several limitations:

* the limited number of studies: only a few studies were
selected on the basis of the search criteria, but these stud-
ies were of good methodological quality according to the
Black and Down Checklist questionnaire evaluation. This
low yield is consistent with the observations and referenc-
es lists of previous reviews;!1 42

¢ the small and heterogeneous population: combining
all the trials selected, few patients were studied (in total
635 with small individual sample sizes ranging from 4 to
67). Furthermore, the populations included were heteroge-
neous in terms of age, lesion type, location and size, motor
and cognitive repercussions, and early functional conse-
quences;

* the limited and heterogeneous evaluations of muscle
changes: various techniques were used to evaluate post-
stroke muscle, status, according to the study objectives,
the exploration possibilities, the precocity of the investiga-
tions, the muscular groups studied, and the type of study
design. In addition, certain limitations have been reported
concerning the sensitivity of muscle mass measurement
by ultrasound,?8 DEXA or BIA with regard to assessing
changes;

* the question of muscle tone damage: our analysis did
not take into account certain variables potentially affecting
muscle status after stroke, such as the existence of spastic-
ity and/or muscular co-contraction phenomena.38. 41

Conclusions

The investigation of post-stroke muscular adaptations as
early as possible, particularly the various aspects of neuro-
muscular physiology and the pathophysiological changes-
is crucial for the conception of appropriate early therapeu-
tic rehabilitation measures. This review reveals that there
are still gaps in our knowledge of post-stroke muscular
changes. It indicates the possibility of a kinetic approach
to the loss of muscle mass and to muscular adaptations,
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with progression from the acute to the chronic stage. It
also highlights the potential reversibility of these impair-
ments up to the stage of muscle atrophy, reinforcing the
value of early preventive therapeutic interventions.

An approach based on motor control recovery (brain
plasticity) and the preservation of muscle capacities (pas-
sive or active peripheral solicitations) could contribute to
optimizing post-stroke rehabilitation.
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SUPPLEMENTARY DIGITAL MATERIAL 1

Search strategies in PubMed
(CCCoCeCeestroke" MeSH  Major Topic] AND ("muscle, skeletal'[MeSH Terms] OR
("muscle"[All Fields] AND "skeletal"[All Fields]) OR "skeletal muscle"[All Fields] OR
("skeletal"[All Fields] AND "muscle"[All Fields]))) OR (*stroke"[MeSH Major Topic] AND
("muscular atrophy"[MeSH Terms] OR ("muscular"[All Fields] AND "atrophy"[All Fields])
OR "muscular atrophy"[All Fields] OR ("muscle"[All Fields] AND "atrophy"[All Fields]) OR
"muscle atrophy"[All Fields]))) OR ("stroke"[MeSH Major Topic] AND ("muscle,
skeletal"[MeSH Terms] OR ("muscle”[All Fields] AND "skeletal"[All Fields]) OR "skeletal
muscle"[All Fields] OR ("skeletal"[All Fields] AND "muscle"[All Fields])) AND ("muscular
atrophy”[MeSH Terms] OR ("muscular"[All Fields] AND "atrophy"[All Fields]) OR "muscular
atrophy"[All Fields] OR ("muscle"[All Fields] AND "atrophy"[All Fields]) OR "muscle
atrophy"[All Fields]))) OR ("stroke"[MeSH Major Topic] AND ("muscular atrophy"[MeSH
Terms] OR ("muscular"[All Fields] AND "atrophy”[All Fields]) OR "muscular atrophy"[All
Fields] OR ("muscle"[All Fields] AND "atrophy"[All Fields]) OR "muscle atrophy"[All
Fields]) AND ("muscle strength”[MeSH Terms] OR ("muscle"[All Fields] AND "strength"[All
Fields]) OR "muscle strength"[All Fields]))) OR ("stroke"[MeSH Major Topic] AND
("muscular atrophy”[MeSH Terms] OR ("muscular"[All Fields] AND "atrophy"[All Fields])
OR "muscular atrophy"[All Fields] OR ("muscle"[All Fields] AND "atrophy"[All Fields]) OR
"muscle atrophy"[All Fields]) AND ("microscopies"[All Fields] OR "microscopy"[MeSH
Terms] OR  "microscopy"[All Fields]))) OR ("stroke"[MeSH Major Topic] AND
("microscopies"[All Fields] OR "microscopy”[MeSH Terms] OR "microscopy"[All Fields])))
OR (“"stroke"[MeSH Major Topic] AND ("muscular atrophy"[MeSH Terms] OR

("muscular"[All Fields] AND "atrophy"[All Fields]) OR "muscular atrophy"[All Fields] OR



("muscle"[All Fields] AND "atrophy"[All Fields]) OR "muscle atrophy"[All Fields]) AND
("oxidative stress"[MeSH Terms] OR (“oxidative"[All Fields] AND "stress"[All Fields]) OR
"oxidative stress"[All Fields]))) OR (“stroke"[MeSH Major Topic] AND ("oxidative
stress"[MeSH Terms] OR ("oxidative"[All Fields] AND "stress"[All Fields]) OR "oxidative
stress"[All Fields]))) OR ("stroke"[MeSH Major Topic] AND ("muscular atrophy”[MeSH
Terms] OR ("muscular"[All Fields] AND "atrophy"[All Fields]) OR "muscular atrophy"[All
Fields] OR ("muscle"[All Fields] AND "atrophy"[All Fields]) OR "muscle atrophy"[All
Fields]) AND ("mitochondria”[MeSH Terms] OR "mitochondria"[All Fields] OR
"mitochondrion”[All Fields] OR "mitochondrion s"[All Fields] OR "mitochondrions"[All
Fields]))) OR ("stroke"[MeSH Major Topic] AND ("paresis“[MeSH Terms] OR "paresis"[All
Fields] OR "pareses"[All Fields]))) OR ("stroke"[MeSH Major Topic] AND ("paresis"[MeSH
Terms] OR "paresis"[All Fields] OR "pareses"[All Fields]) AND ("mitochondria"[MeSH
Terms] OR "mitochondria”[All Fields] OR "mitochondrion”[All Fields] OR "mitochondrion
s"[All Fields] OR "mitochondrions"[All Fields]))) OR (("paresis"[MeSH Terms] OR
"paresis"[All Fields] OR "pareses"[All Fields]) AND ("mitochondria”[MeSH Terms] OR
"mitochondria"[All Fields] OR "mitochondrion"[All Fields] OR "mitochondrion s"[All Fields]
OR  "mitochondrions"[All  Fields]))) OR ("stroke"[MeSH Major Topic] AND
("mitochondria"[MeSH Terms] OR "mitochondria"[All Fields] OR "mitochondrion"[All
Fields] OR "mitochondrion s"[All Fields] OR "mitochondrions"[All Fields]))) OR
("stroke"[MeSH Major Topic] AND ("motor control"[Journal] OR ("motor"[All Fields] AND
"control"[All Fields]) OR "motor control"[All Fields]))) OR ("stroke"[MeSH Major Topic]
AND (("motor"[All Fields] OR "motor s"[All Fields] OR "motoric"[All Fields] OR
"motorically"[All Fields] OR "motorics"[All Fields] OR "motoring"[All Fields] OR
"motorisation"[All Fields] OR "motorised"[All Fields] OR "motorization"[All Fields] OR

"motorized"[All Fields] OR "motors"[All Fields]) AND "unit"[All Fields])



Search Strategies in Embase
(‘cerebrovascular accident'/exp/mj AND (‘mitochondrion'/exp OR 'motor control'/exp OR
'motor unit'/exp OR 'paresis/exp OR 'oxidative stress'/exp OR 'microscopy'/exp OR 'muscle
atrophy'/exp OR 'skeletal muscle'/exp)) OR (‘paresis’/exp AND 'mitochondrion‘/exp) OR
(‘cerebrovascular accident'/exp/mj AND ‘paresis/exp AND 'mitochondrion’/exp) OR
(‘cerebrovascular accident'/exp/mj AND 'muscle atrophy'/exp AND 'mitochondrion’/exp) OR
(‘cerebrovascular accident'/exp/mj AND 'muscle atrophy'/exp AND ‘oxidative stress'/exp) OR
(‘cerebrovascular accident'/exp/mj AND 'muscle atrophy'/exp AND 'microscopy'/exp) OR
(‘cerebrovascular accident'/exp/mj AND 'muscle atrophy'/exp AND 'muscle strength'/exp) OR

(‘cerebrovascular accident'/exp/mj AND 'skeletal muscle'/exp AND 'muscle atrophy'/exp)



