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ABSTRACT

Purpose: To provide a comprehensive review of changes that occur in the muscle after stroke and how these changes influence the force-generating
capacity of the muscle. Methods: A literature search of PubMed, CINAHL, MEDLINE, and Embase was conducted using the search terms stroke, hemi-
paresis, muscle structure, cross sectional area, atrophy, force, velocity, and torque. There were 27 articles included in this review. Results: Three changes
occur in the muscle after stroke: a decrease in muscle mass, a decrease in fibre length, and a smaller pennation angle. In addition, the tendon is stretched
and becomes more compliant. All of these factors reduce the affected muscle’s ability to generate forces similar to controls or to non-paretic muscles.
The result is a leftward shift in the length—tension curve, a downward shift in the torque—angle curve, and a downward shift in the force—velocity curve.
Conclusion: Changes in muscle architecture contributing to weakness, such as muscle-fibre length, pennation angle, muscle atrophy, and tendon
compliance, should be prevented or reversed by means of an appropriate rehabilitation programme.
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RESUME

Objectif : Procéder a une étude exhaustive des changements qui surviennent dans les muscles aprés un accident vasculaire cérébral (AVC) et de la fagon
dont ces changements affectent la capacité des muscles a développer de la force. Méthode : Une recherche documentaire dans les bases de données
PubMed, CINAHL, MEDLINE et Embase a été réalisée a I'aide des mots clés stroke (accident vasculaire cérébral), hemiparesis (hémiparésie), muscle
structure (structure musculaire), cross sectional area (section transversale), atrophy (atrophie), force (force), velocity (vélocité) et forque (puissance). La
recherche a permis de répertorier 27 articles. Résultats : A la suite d’un AVC, trois changements se produisent dans les muscles: une diminution de la
masse musculaire, une diminution de la longueur des fibres musculaires et un angle de pennation. De plus, le tendon s’étire et devient plus lache. Tous
ces facteurs réduisent la capacité des muscles affectés a générer une force nécessaire pour contréler ou similaire a celle des muscles qui ne sont pas
paralysés. Le tout occasionne un glissement vers la gauche de la longueur de la courbe de tension, une poussée vers le bas de I'angle de la courbe de
puissance et un abaissement similaire de la courbe de la vélocité de la force. Conclusion : A I'aide d’un programme de réadaptation approprié, il est
possible de prévenir et de mettre fin aux changements dans I'architecture musculaire qui contribuent a I'affaiblissement, notamment dans la longueur
des fibres musculaires et dans I'angle de pennation, de méme qu’a I'atrophie musculaire et au relichement des tendons.

Hemiparesis, commonly found in people with stroke,
can persist for years and limits functional performance.
Some factors thought to explain, at least in part, the
inability of muscles to generate the appropriate forces
following a stroke are an increase in stretch reflex excitabil-
ity,!-3 an increase in antagonist muscle coactivation*-%, a
decrease in motor-unit firing rates,’~'! and force deficits
dependent on muscle length.'?13 Considerable research
has investigated neuroplasticity and the reorganization

of neural pathways during recovery from stroke (for re-
cent reviews, see'4+1), but less is known about muscular
factors that influence hemiparesis or muscle weakness.
The mechanical properties of muscle play an integral
role in force generation; that is, a command from the
nervous system to activate a muscle will generate varying
levels of force depending on the state of that muscle. The
influence of muscle length and velocity of shortening on
force production are characterized in the length—tension
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relationship and the force-velocity relationship of muscle.
The length-tension relationship (or the angle-torque
relationship across a joint where multiple muscles act to
produce a net torque) reveals that muscles produce less
force in shortened positions than in lengthened posi-
tions.'® The force—velocity relationship reveals that the
faster the shortening contraction, the lower the force
generated, whereas the impact of increasing velocity of
lengthening contractions on force generation is relatively
small.’

Sarcopenia (loss of skeletal muscle mass and increase
in fat mass) occurs in ageing muscles.!® Inactivity or im-
mobilization is thought to accelerate sarcopenia; with 2
weeks of inactivity, muscle mass decreases, along with
muscle strength.'® After a stroke, the time spent in bed
during the day is greater than 50%.2° Thus, damage
caused by the stroke and decreased mobility would com-
bine to produce a decline in muscle mass in the paretic
muscles and, to a lesser extent, in the non-paretic mus-
cles. Since declines in muscle mass parallel deficits in
force in studies on ageing, we would expect similar find-
ings after stroke. Indeed, a recent systematic review and
meta-analysis performed by English and colleagues?!
demonstrated that lean tissue mass of paretic muscle
was significantly less than that of non-paretic muscle, in
both upper and lower extremities, in people at least 6
months post stroke. Longitudinal studies of changes in
muscle mass over time could not be pooled for meta-
analysis because of differences in outcome measures,
patient characteristics, and timing of measurements.?!
Our review extends the findings of English and collea-
gues?! by considering the interrelationship of stroke and
age-related sarcopenia and by examining other important
architectural components, including changes in penna-
tion angle, fibre length, and tendon length, that occur
after stroke and commenting on how these changes
affect force generation. Specifically, the purpose of this
review is to examine post-stroke changes in muscle size,
muscle fibre length and orientation, and tendon length
and to understand how these changes in muscle architec-
ture may influence the angle-torque and force—velocity
relationships for the generation of force, which is impor-
tant in performing functional activities of daily living
(ADL).

METHODS

We searched PubMed (1947-January 2010), CINAHL
(1982-January 2010), MEDLINE (1946-January 2010), and
Embase (1980-January 2010) using the following key-
words: stroke, hemiparesis, muscle structure, cross sec-
tional area, atrophy, force, velocity, and torque. The
search was limited to studies published in English and
involving humans. (An example search strategy is pro-
vided in Appendix 1.) The search yielded 2,083 articles,
of which 1,514 remained after duplicates were removed.
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These 1,514 articles were screened first by title and ab-
stract for the following inclusion criteria: (1) persons
with hemiparesis as a result of a stroke; (2) studies exam-
ining the architecture of the muscle, such as pennation
angle, atrophy, fibre length, and tendon changes; and
(3) studies examining the influence of muscle properties
on force production. Articles were excluded if (1) the
study was examining validity or reliability, (2) treatment
or an intervention was used, or (3) the investigation was
a predictive study.

RESULTS

We identified 24 articles from the database search.
The reference lists of these articles were reviewed for
any additionally missed articles; this review identified a
total of 3 additional articles, for a total of 27. Of the 27
articles included in this review, 14 investigated archi-
tectural changes in muscles (summarized in Table 1), 14
examined changes in force generation (summarized in
Table 2), and one studied both.

Architectural Changes to Muscle after Stroke

Muscle Size

It is well known that with increasing age, muscle
volume, number of type II fast-twitch muscle fibres, and
muscle fibre size are reduced,?? and motor units are
fewer and larger.?3 After a stroke, similar changes in the
motor unit occur. There is a decreased descending neural
input to the alpha motor neurons, which leads to down-
stream degeneration of the muscle fibres; typically, how-
ever, viable adjacent motor neurons adopt some of
the muscle fibres, creating fewer yet larger motor units.
Reorganization of motor units occurs as early as 9 days
post stroke, and the number and size of motor units are
stabilized after 3 months.?* The motor units lost tend to
be large alpha motor neurons innervating fast-twitch
fibres, which are more susceptible to death; the result is
a muscle composed predominantly of larger and slower
motor units.?> The reduction in fibre size following stroke
may be influenced by disuse or by other age-related pro-
cesses (see below).

Muscle mass and volume, which often are estimated
by anatomic cross-sectional area (CSA) of one portion of
a muscle, are important factors strongly and positively
related to the muscle’s force-generating capacity.?® Two
types of imaging are used to estimate muscle mass; five
of the studies we reviewed used dual-energy X-ray absorp-
tiometry (DEXA),?’-31 three used computed tomography
(CT),32-34 and one study used both methods3> (see Table
1). DEXA provides a measure of appendicular lean soft
tissue based on an algorithm that uses bone mineral
density and soft tissue mass to calculate lean mass. CT
takes multiple cross-sectional slices to estimate CSA of
the skeletal muscle at a particular level of the limb. CT
is considered the gold standard for assessing skeletal
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Table 1 Summary of Studies Examining Architectural Changes in Muscle Size, Muscle Fibre Length, Pennation Angle, and Tendon Length
Months*
Study n Post Stroke ~ Comparison Level of Recovery Measures Muscle Results
Iversen et al.2” 15 >6 P vs. NP; NR DEXA: lean mass Leg; arm Arm and leg:
cross-sectional P < NP
Ramnemark 19 1,4,7, P vs. NP; Inability to lift DEXA: lean mass Whole leg and arm;  Fat mass: P < NP side
et al.28 and 12 longitudinal arm or leg at and fat mass side of body of body at 4, 7, and
1 mo 12 mo; P = NP for lean
and fat mass from
inclusion until 12 mo
Sunnerhagen 9 >6 P vs. NP; Walking speed CT: muscle volume Mid-thigh P =NP
et al.32 cross-sectional  1.07 m/s
Svantesson 12 >6 P vs. NP; Fugl-Meyer Tendon and muscle Triceps surae Muscle stiffness P > NP;
et al.>0 cross-sectional ~ score 28.6/34 stiffness; force tendon stiffness P < NP,
force: P < NP
Jorgensen and 25 1wk 2,7 P vs. NP; NR DEXA: lean mass Mid-thigh 1 wk: P =NP;
Jacobson2? and 12mo  longitudinal 2 mo: P < NP;
7 and 12 mo: P = NP
unless non-ambulatory
at 2 mo, then P < NP
at7 and 12 mo
Ryan et al.35 60 >6 P vs. NP; NR DEXA: lean mass; Mid-thigh; arm Lean mass leg, arm:
cross-sectional CT: muscle volume P < NP; muscle volume
leg, arm: P < NP
Metoki et al.33 50 >6 P vs. NP, Barthel Index CT: muscle volume Thigh P < NP
cross-sectional  >65y 75/100;
<65y 83/100
Tsuiji et al.3* 83 3and6 P vs. NP; 3 groups based CT: muscle area Mid-thigh; Thigh P < NP;
longitudinal on degree of CSA paravertebral paravertebral P > NP;
P:NP FIM motor score: no differences over time
Group 1: 56.6/91;
Group 2: 65.1/91;
Group 3: 65.5/91
Carin-Levy 12 3wk P vs. NP; Rivermead Mobility DEXA: lean mass Mid-thigh; Fat mass leg: P < NP;
et al.30 and 6 mo longitudinal Index 12/14 and FIM and fat mass upper arm lean mass arm, leg:
motor score P =NP; P = NP
121/126 over time
(initial values)
Gao and Zhang3® 10 NR Pvs. G; NR US: pennation angle, Medial Resting position shifted
cross-sectional fascicle length gastrocnemius into plantarflexion;
| pennation angle;
| fibre length
Li et al.4* 7 >2y P vs. NP; Motor Assessment US: pennation angle, Brachialis 1 paretic pennation angle
cross-sectional ~ Scale score 2.3/4 fascicle length <40° elbow extension;
1 fascicle length
>30° elbow flexion
Celik et al.3t 3% >6 P vs. NP; Brunnstrom stage 28%:  DEXA: lean mass Leg P < NP
cross-sectional 5 or 6/7; 72%: 1-3/7
Gao et al.*0 10 >1y P vs. C; Motor Assessment US: pennation angle, Medial | paretic pennation angle;
cross-sectional  Scale score 2.6/4 fascicle length gastrocnemius | paretic fascicle length
Zhao et al.>! 10 >1y P vs. NP; Modified Ashworth US: tendon length and  Achilles tendon Tendon length: P > NP;

cross-sectional

Scale score 1.6/3

muscle CSA, stiffness

CSA: P = NP; mechanical
hysteresis: P > NP

*Unless otherwise stated.

P = paretic; NP = non-paretic; C = control; NR = not reported; FIM = Functional Independence Measure; DEXA = dual-energy X-ray absorptiometry; CT = computed
tomography; CSA = cross-sectional area; US = ultrasound; | = decrease; ] = increase.
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Table 2 Summary of Studies Examining the Functional Properties of Skeletal Muscle and Type of Contractions

Study n Months* Comparison ~ Mean Level of Measures Muscle Results
Post Stroke Recovery
Bohannon®* 27  mean 45 P vs. NP Modified Ashworth CON torque, velocity Knee extensors  Knee extensor torque
(SD 36) d Scale score 0 or 1/4  at 30°, 60°, 120°, 180° P < NP as velocity
Davies et al.63 12 3-42 P vs. C; Ashworth Scale Torque (CON, 1SO0), Quadriceps; IS0 torque both muscles: P < C;
P vs. NP; score 0.9/4; velocity at 30°/s, 100°/s,  hamstrings no difference between C and NP;
ISO vs. 10-m walk 16.5 s 200°/s, 300°/s isokinetic torque quadriceps: P < C;
isokinetic P < NP at 30°/s, 100°/s; hamstrings:
P < C; NP < C at 30°/s
Svantesson and 12 6-24 P vs. NP NR Torque: CON only and Gastrocnemius  CON and ECC torque: P < NP;
Sunnerhagen?2 CON after ECC CON after ECC: greater increases
in P CON torque
Ada et al.12 15  mean Pvs. C Motor Assessment ISO torque, angle at 30°,  Elbow flexors Flexor torque: P < C at 90°;
44y Scale score 6/6 60°, 90° and extensors extensor torque: P < C at 30°
(median)
Svantesson et al.50 12 >6 P vs. NP Fugl-Meyer Torque: CON, IS0, and Triceps surae CON torque: P < NP; ISO torque:
motor score CON after ECC P < NP; CON after ECC: greater
28.6/34 increases in P CON torque
Ada et al.>> 22 5mo-6y Pvs. C Motor Assessment ISO torque, angle at Elbow flexors | torque deficits in elbow flexors
Scale score 5/6 7 positions 0°—120° and extensors and extensors when muscle shortened
(contracture); 3.5/6 but relative preservation when muscle
(no contracture) is lengthened
Koo et al.13 10 >1yr Pvs.C Upper Arm Function IS0 torque, EMG at Biceps; triceps;  No differences except |
Score 4.7/6 8 angles 15-120° brachioradialis brachioradialis P EMG
Lum et al.>” 14  >6 P vs. NP Fugl-Meyer motor CON torque, velocity Biceps; Flexion and extension velocity torque
control score at 30°/s, 75°/s, 120°/s brachioradialis;  deficits; P < NP as velocity |
43.1/66 triceps
Hu et al.>¢ 1 >6 P vs. NP Fugl-Meyer wrist ISO torque, angle at Wrist flexors Wrist flexion and extension torque:
and hand score 8 positions 15° and extensors P < NP at all angles
H o o
14/24 increments —45°-60 Peak extension: P = 0°, NP = —15°T

Peak flexion: P = 15°, NP = 0°

Clark et al.®> 17 >18 Pvs.C Fugl-Meyer leg Torque, velocity Quadriceps; Extension torque CON: P < C
score 21/34 (ECC 30°/5-180°/s; hamstrings Extension torque ECC: no difference
CON 30°/s—240°/s) Power: P < C
Gao and Zhang>* 10  mean 88 Pvs.C Modified Ashworth US: fascicle length, Medial Force—length curve shifted left for P;
Scale score 2.6/4 force gastrocnemius  fascicle length: P < C
Lomaglio and Eng>® 19 >1y Pvs. G; CMSA: leg 6/7; ISO torque at 6 angles Knee flexors Torque of knee extensors: P < C
P vs. NP foot 4/7 and extensors Extension 15° NP > C at 95° and 100°
Horstmann et al.84 14  3-5 Pvs. C FAC median 4 ISO torque, angle at Knee flexors 7 stroke participants unable to perform
(quartiles 2.25-4) 30°, 60°, 90° and extensors knee flexion in all angles Extensor

torque: P < NP, C at 30° Flexor torque:
P < NP, C at 60° and 90°

Eng et al.o¢ 18 >1y Pvs. C; CMSA: leg 6/7; Torque: CON and ECC Hip and knee ECC to CON torque ratios: P 2.0;
P vs. NP foot 4/7 extensors and NP 1.8; Control 1.6 in all 6 muscles
flexors;
dorsiflexors;
plantarflexors

P = paretic; NP = non-paretic; C = control; NR = not reported; CMSA = Chedoke—McMaster Stroke Assessment; FAC = Functional Ambulation Categories; CON = concentric;
ISO = isometric; US = ultrasound; ECC = eccentric; 1 = increase; EMG = electromyographic

* Unless otherwise stated

+ Negative values signifies wrist extension; positive values signifies wrist flexion.
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muscle mass, whereas DEXA directly measures the bone
mineral density and calculates muscle mass indirectly.

At 1 month post stroke, no change in lean muscle
mass was found in the paretic leg or arm with DEXA
imaging,?® but by 2-4 months a decrease in lean muscle
mass was evident in the paretic leg and arm muscles
with both DEXA and CT imaging.?®2°34 In the chronic
phase (>6 months after stroke), a decrease in lean mus-
cle mass on the paretic side relative to the non-paretic
side was found with both DEXA and CT imaging,?7-31,33.35
meaning that many people with stroke are living with
long-term effects of decreased muscle mass in the paretic
muscles. A decrease in lean muscle mass with an increase
in non-contractile tissue, including fat mass, is common
with ageing.'® After stroke, no changes in fat mass were
found with DEXA imaging, despite a decline in paretic
lean muscle mass.?’-31:3> Two other studies found in-
creased fat mass using DEXA imaging,?-3° but found no
change in paretic lean muscle mass. Perhaps the DEXA
was not sensitive enough in these last two studies to de-
tect changes in lean muscle mass.3> While these data are
not consistent with the notion that the loss of muscle
mass post stroke is simply age-related sarcopenia, any
reduction in muscle mass after stroke would be exacer-
bated by sarcopenic processes of ageing.

There are indications that the severity of the stroke
influences the presence and extent of muscle atrophy.
Jorgensen and Jacobsen?® found that those who were
not walking by two months post-stroke showed a greater
decrease in lean muscle mass in the mid-thigh of the
paretic leg than their counterparts who were walking by
two months. By contrast, Carin-Levy and colleagues3°
followed patients with DEXA imaging from 1 week to 6
months post stroke and found no overall changes in the
lean muscle mass of the paretic upper arm or mid-thigh
relative to the non-paretic side. In their study, partici-
pants’ Functional Independence Measure (FIM) scores
were high at 1 week post stroke, which suggests that
their strokes were milder than those of participants in
Jorgensen and Jacobsen’s study. Ramnemark and collea-
gues?® also found no differences in lean muscle mass
from 1 month to 1 year. Little is known about the motor
recovery of the group in this study, except that partici-
pants were unable to lift their leg and/or arm at 1 month
post stroke. The researchers found an increase in fat
mass, which may indicate an increase in overall body fat
mass because of a reduction of activity after stroke. In
cases where muscle atrophy occurred, in-patient rehabil-
itation was shown to be beneficial in reducing the effect
of atrophy.3* That is, Tsuji and colleagues?* found that
when atrophy was present 2.5 months post stroke, it
could be reversed with a conventional rehabilitation pro-
gramme (range of motion, strengthening, basic activity
training, gait, and ADL) before discharge from a rehabil-
itation facility (approximately 5 months post-stroke).

Muscle Fibre Length

Muscle fibre length is important because a shorter
muscle fibre has fewer sarcomeres in series, and there-
fore generates less force and moves through a smaller
range of motion. Muscles that remain in a shortened
position are predisposed to adapt to this length, which
results in a reduction in the number sarcomeres along
the muscle fibre.3%:37 For example, weakness of the ankle
dorsiflexors may result in relative shortening of the plan-
tarflexor muscles and reduce the number of sarcomeres
in series. Some muscles are particularly prone to con-
tractures, such as the plantarflexors.3® Ultrasound makes
it possible to look at human skeletal muscle fibres in
vivo, but only three studies have looked at muscle fibre
length3%-*1 (see Table 1). Reductions in muscle fibre
length have been reported in both the gastrocnemius
and the brachialis muscles following stroke.3—#1

Pennation Angle

Generally, muscle fibres are organized in fascicles
relative to the long axis of the tendon, and the specific
architecture influences the force-generating capacity.*?
Fibres are oriented either in a fusiform configuration
(parallel to the long axis) or in a penniform configuration
(at an angle to the long axis). The angle created, com-
monly referred to as the pennation angle, ranges from
0° to 30° in the upper and lower extremities.*3#4 Larger
pennation angles accommodate a larger number of shorter
muscle fibres than smaller pennation angles.*>~*’ The
pennation angle is not fixed but increases when the
muscle fibres shorten, either from a reduction in joint
angle or during isometric contractions. Thus pennation
angle influences effective CSA, and, where possible, a
measurement of pennation angle should be included to
correct anatomic CSA, providing a measure of physio-
logic cross-sectional area (PCSA). The PCSA accounts
for the combined influences of CSA, fibre length, and
pennation angle on a muscle’s force-generating capacity.

In vivo measurements of pennation angles are taken
via ultrasound by positioning the joint at different angles
to determine whether certain positions are more prone
than others to changes in pennation angle following
stroke. Ultrasound creates a two-dimensional image of
highly reflective structures such as epimysium, perimy-
sium, and deep and superficial aponeuroses, allowing re-
searchers to make architectural measures directly from
the image. Both gastrocnemius and brachialis muscles
are pennated; at rest, the pennation angle of the brachialis
muscle (9°) is smaller than that of the gastrocnemius
muscle (16°).4546 The three studies?-*! discussed above
in relation to muscle fibre length are the only studies to
examine human skeletal muscle pennation angles after
stroke (see Table 1). In persons with stroke, pennation
angles in paretic medial gastrocnemius and brachialis
muscles increased when the joint angle decreased, simi-
lar to those of healthy controls or to the non-paretic side.
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At rest, however, the paretic medial gastrocnemius was
smaller relative to controls,3°4° whereas in the brachialis
muscle, the pennation angle was larger on the paretic
than on the non-paretic side.#! Further studies are re-
quired to resolve this discrepancy, but it may result
from differences in the architectures of the two muscles
(the brachialis being less pennated than the gastrocne-
mius); the pattern of use of the muscles; or muscle com-
position, including amount of fat, non-contractile tissue,
and water, which can affect pennation angles.

More important functionally is the change in penna-
tion angle during active generation of force. As the force
generated increases in isometric contractions, the pen-
nation angle increases while fibre length decreases and
CSA increases (which should assist force generation).*®
The pennation angle has been measured with increases
in voluntary isometric force of the paretic and non-
paretic brachialis in only one study.*! Li and colleagues*!
found an increase in pennation angle with increasing
voluntary force production on both the paretic and the
non-paretic side, but, curiously, the pennation angle
was always smaller on the paretic side than on the non-
paretic side (contrary to what was found with changing
joint angle). More research is required to determine the
influence of changes in pennation angle on force and
power generation after stroke.

Tendon Length

Changes in the properties of the tendon are one more
component to consider in the architecture of the muscle,
because the muscle force is transmitted through the
tendon. It is thought that tendon stiffness declines as
people age, but there is conflicting evidence in both
human and animal models.*®* When the tendon is more
compliant, more time is required to transmit the force
to the bones, which results in a slower contractile speed
and less force. When a muscle contracts, the tendon will
lengthen before it shortens, and the recoil of the tendon
enables elastic energy to be stored and released, increas-
ing the efficiency of the contraction.*® Because the tendon
is an extension of the muscle, tendon stiffness (the force
required to change the length of the tendon) and hystere-
sis (the amount of energy lost after stretch and recoil) are
important components for force transmission. Minimiz-
ing hysteresis improves the efficiency of movement,
since more stored energy is used for the contraction and
less is dissipated.*® After stroke, the Achilles tendon on
the paretic side is longer (i.e., if the muscle shortens, the
tendon may be lengthened in compensation) and more
compliant, and hysteresis is increased.?>%>! A more com-
pliant tendon reduces stored energy, contractile speed,
and amount of power generated. Thus, it is important to
maintain the integrity of the tendon and minimize com-
pliance to prevent over-shortening of the muscle fibres,
which would place them in a disadvantaged position
along the length—tension curve (see below).
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Influences of Architectural Changes on Force Generation
after Stroke

As we have seen, after a stroke muscle mass and muscle
fibre length decrease, pennation angle changes, and the
tendon is more compliant. The decreases in muscle
mass and muscle fibre length reduce the number of con-
tractile protein (actin and myosin) filaments in parallel
and in series; this reduction in contractile proteins re-
sults in less force generation. The angle of the muscle
fibres and the reduced stiffness of the tendon also con-
tribute to the decrease in overall force. This section
summarizes the fundamental functional properties of
skeletal muscle—length-tension, angle-torque, and force—
velocity—and how these functional architectural proper-
ties influence the force generated.

Length-Tension Relationship

Muscle fibres lengthen as the joint angle increases
and shorten as the joint angle decreases. For each joint,
there is a certain position that generates an optimal
force, depending on the relative position of the tendon
insertion on the bone and the internal and external
forces.>%>3 This position depends on the optimal number
of cross-bridges being formed by the actin and myosin
filaments.

When the fibre length is reduced, the reduction in
actin and myosin in series reduces force production,
and the functional range of the muscle decreases. Both
the resting position of the muscle and the peak force
shift to a position where the muscle is shorter to accom-
modate the new fibre length. This shift, which has been
reported in the wrist flexors and extensors, elbow flexors
and extensors, and plantarflexors®#—5¢ (see Table 2),
effectively reduces the range of motion.3® For example, if
the ankle is positioned in plantarflexion for long periods,
the plantarflexor muscle fibres adapt to the new, shorter
length by reducing the number of in-series contractile
filaments. The shorter plantarflexor muscle fibre length
shifts the resting position of the ankle toward plantar-
flexion, which reduces the range of motion in dorsi-
flexion. These changes in fibre length contribute to
muscle weakness and limit functional ability, since the
peak force is now generated in a position that is no
longer optimal for functional purposes.

As Figure 1A shows, when the muscle lengthens, the
force of the muscle increases, up to a plateau at which
the maximum physiologic range of the muscle is reached.
After this plateau, there is a decrease in muscle force
generated, because the number of overlying sarcomeres
decreases. Gao and Zhang>* found a much steeper, but
narrower, length—tension relationship following stroke
(dashed lines in Figure 1A). The force deficits in the
shorter range may be a combination of less actin and
myosin in the agonist muscle and increased stiffness in
the antagonist muscle. As the agonist contracts and
shortens, the antagonist lengthens, but resistance may
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Figure 1  Schematic representation of the length—tension relationship

(A), torque—angle relationship (B), and force—velocity relationship (C).

increase because the shortened antagonist muscle fibres
interfere with the agonist’s ability to generate force.

Angle-Torque Relationship
The length—tension relationship described in isolated
preparations is referred to as the angle-torque relation-

ship in human movement. The relationship between
angle and torque has been studied using isometric con-
tractions at different angles to determine which angles
are more susceptible to deficits in force. Muscle weak-
ness is characteristic of people following stroke, but
greater force deficits are evident when the muscle fibres
are shortened.'2>°->8 Force deficits have been observed
in a shortened position in the elbow flexors, elbow ex-
tensors, knee flexors, and knee extensors!?>” (see Table
2). It has been suggested that the reason for the deficits
in a shortened position'2>6-38 is a preference to use the
muscle in the strongest position, halfway between exten-
sion and flexion, which results in relative disuse of the
muscle in other positions. Similar to Ada and collea-
gues,? Gao and colleagues?® found a drastically different
angle—torque relationship in the medial gastrocnemius
muscle after stroke, such that very little force was gen-
erated when the muscle was shortened and relatively
greater force was preserved when the muscle was length-
ened (see Figure 1B). By contrast, Koo and colleagues!?
did not find differences in the angle-torque relationship
between the paretic and control elbow flexors, apart
from overall reduced torque deficit in the paretic elbow
flexors. One plausible explanation for the differences
between the findings of these two studies is the age of
study participants following stroke: the group in Koo
and colleagues’ study'? were 20 years younger than those
in the study by Ada and colleagues.’> The relatively
young age of the former group may explain the lack
of significant findings, as functional improvements are
quicker to return in younger than in older people.>® Koo
and colleagues’ group with no deficits in force!®> were
more than 1 year post stroke, and the deficits in force
production may have been recovered by 1 year.

One problem in measuring the angle-torque relation-
ship after stroke is that people with stroke tend to have a
reduced range of motion compared to controls. This
makes it difficult to study the deficits in force at the
extreme ranges. The limited range of motion may be a
result of the decrease in length of muscle fibres, as dis-
cussed above, or of an inability to generate enough force
when the muscle is shortened.

There seems to be a greater risk of deficits in force in
muscles that are more prone to functional contractures,
which may indicate that the deficits reported are related
to changes in the length of the muscle fibre. This may
suggest that the type of muscle function is not an indi-
cation of which muscle will demonstrate the greatest
deficits in force and that the changes that occur in the
architecture of the muscle may result from relative dis-
use, particularly in shortened positions.

Force-Velocity Relationship

The force generated by a muscle is a function of
velocity. The amount of work performed by a muscle is
less when muscle fibres are shorter, because work is a
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product of force and a change in fibre length. The time
to develop the force as the fibre length is changing
reflects the power that the muscle can generate. Because
of changes in both the quantity and the quality of
muscle, both work and power decrease with age.'®

A concentric contraction involves the shortening of
muscle fibres against a load; as velocity increases, less
force is produced. As the myosin and actin filaments
move past each other at higher velocities, the time for
cross-bridge formation decreases, which reduces the
force produced. The reverse is true of eccentric con-
tractions: faster eccentric contractions develop more
force than slow eccentric contractions.®®-%2 Based on
the force-velocity relationship (see Figure 1C), eccentric
contractions produce more force as lengthening velocity
increases, while concentric contractions produce less
force as shortening velocity increases. Thus, by com-
parison, eccentric contractions generate more force
than isometric and isometric more than concentric con-
tractions. Similar trends have been found after stroke,
such that as velocity increases, less force is generated in
the paretic muscles.>7-63.64

After stroke, the studies reviewed found greater force
deficits in concentric contractions®>-%® than in isometric
contractions,?2>%¢3 and smaller force deficits in eccentric
contractions than in concentric and isometric contrac-
tions®5:% (see Table 2). There is an indication that less
neural drive is used for eccentric contractions, which
may explain why greater force was preserved; similar
results have been found in older adults.'®

At low velocity (30°/s), no force deficits were found in
the paretic biceps or quadriceps muscles relative to the
non-paretic side or controls, but force deficits were evi-
dent in the paretic hamstrings and triceps muscles.>”-63-65
Similar decreases in force as velocity increased from 30°/s
to 120°/s or 180°/s were found in the paretic and non-
paretic quadriceps and triceps,®’-*4 indicating that the
force-velocity relationship was maintained for these
muscles or, at least, was maintained at these velocities.
Although no difference in the force—velocity relationship
was found in the elbow extensors, greater deficits as
velocities increased were found in the elbow flexors.>”
Lum and colleagues®’ also found that when the elbow
flexors were moved from extension to flexion, there
were no deficits when the muscle was lengthened; tor-
que deficits were found only late in flexion, when the
elbow flexors were shortened.

In some cases, the extent of the impairment following
stroke was so severe that movement velocities of 300°/s
could not be produced, especially in knee flexion.®> Two
possible reasons for the increased deficits in force at
higher velocities are reduced muscle fibre length, as dis-
cussed above, and less time for the formation of cross
bridges. In addition, as velocity increases, earlier recruit-
ment of high-threshold motor units is necessary.®” Thus
neural factors such as a reduced drive from the supra-
spinal centres after stroke (reflected in the decrease in
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motor-unit firing rate®-'') may compound the archi-
tectural changes in the muscle, producing force deficits,
especially at higher velocities.

There is some indication that the velocity of force
production is an important component of functional
recovery. After a stroke, force deficits are evident, and at
higher velocities there are greater impairments in pro-
ducing movement. The product of force and velocity is
the power that the muscle can generate. Among older
adults, there is evidence that muscle power is a strong
predictor of functional status in community dwellers.%®
A recent study by Lee and colleagues® indicated that
strength can be trained in people after stroke in a 6-
week exercise programme, but power (which was not
trained) did not change with this programme. In an exer-
cise programme combining strength training and speed of
movement, power was improved in frail elderly adults.”®
Because power (force and speed) is essential for many
ADL (e.g., balance recovery), attention to retraining power
through speed of movement, rather than strength alone,
is likely to be important.

DISCUSSION

Our review identified 27 articles investigating architec-
tural changes in muscles and how these changes influ-
ence force generation, 14 of which examined architectural
change and 14 of which studied changes in force gen-
eration (1 article studied both). Although only a small
number of articles were identified, we have nevertheless
presented preliminary conclusions on how changes in
the architecture of the muscle may influence the ability
to generate force after stroke.

Architectural Changes in Muscle after Stroke

Muscle fibres undergo several alterations after stroke:
a change in pennation angle,3*-41 a decrease in fibre
length,*—#! and a decrease in lean muscle mass.?’2%-31,33-35
The studies reviewed found that the change in pennation
angle differed for the muscles of the upper and lower
extremities, increasing in the former and decreasing
in the latter.3°-#! Only three studies were identified that
examined changes in pennation angle, which makes it
difficult to draw conclusions as to whether the differ-
ences in pennation angle are related to the function of
the muscles (differences in patterns of use between
gastrocnemius in the leg and brachialis in the arm) or to
their structural composition. Similarly, not all studies ex-
amining muscle atrophy reported a reduction in lean mus-
cle mass. Differences in study findings were not related
to whether the upper or the lower extremity was being
investigated: both showed a significant loss in paretic
lean muscle mass relative the non-paretic muscle. The
lack of significant findings in muscle atrophy?8-3%-32 may
relate to the patients’ having higher levels of function
after stroke, but not all studies reported participants’
recovery, which makes it difficult to know whether the
differences found were related to the severity of stroke.
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In addition, the studies used different techniques to
assess muscle atrophy, which precluded meaningful com-
parisons. Using CT scans, Ryan and colleagues®® found
that the lean tissue mass of the non-paretic leg was 20%
larger than that of the paretic leg; using DEXA, they found
the non-paretic leg to be only 4% larger. This suggests
that CT scans are more sensitive than DEXA to changes
in muscle mass.

One common theme throughout the studies reviewed
was the effect of decreased muscle fibre length on a
muscle’s ability to generate force. Initially, after a stroke,
neural inputs are reduced, resulting in muscle weakness,
and the risk of muscle contractures increases. If the
muscles are not moved regularly through their full range,
the muscle fibres may adapt to the shortened position by
decreasing muscle fibre length. The decreased length of
the muscle fibres has an impact on many factors that
influence the ability of muscles to generate force, pro-
ducing a shift in peak force to a shorter muscle position,
a decrease in peak muscle force, reduced tendon stiff-
ness, and an increase in tendon length.

Influences of Architectural Changes on Force Generation
after Stroke

Our review illustrates that greater torque deficits are
found in both the upper and lower extremity when fibres
are shortened and moving toward the inner range,
particularly as velocity increases. In addition, there is
relative preservation of force during eccentric contrac-
tions, compared to isometric and concentric contractions,
after stroke.

The reason for the relative preservation of the eccen-
tric contraction is not known, but eccentric strength is
also better preserved in ageing than isometric and con-
centric strength. One possible reason for this is a change
in the visco-elastic properties of the muscle and tendon
as the muscle is lengthened; another explanation may
be that changes in the neural inputs to the muscle, such
as hyperactive stretch reflex, facilitate the contraction.”?
Interestingly, Eng and colleagues®® found that preserva-
tion of force in eccentric contractions was not related to
a person’s level of physical activity, whereas concentric
contraction force was correlated with physical activity.
The key to understanding force preservation may be in
the stretch shortening cycle, in which a larger force is
generated when a concentric action follows an eccentric
action than when the concentric action is performed
alone. This phenomenon has been observed in people
after stroke, and the percentage increase in the concen-
tric action following an eccentric action was greater in
paretic than in non-paretic plantarflexors.>® If an isome-
tric action precedes a concentric action, on the other
hand, there is no difference in the paretic or control
muscle force generated.”? Thus, this phenomenon may
relate only to the mechanics of the eccentric contraction.
More research is needed to understand the elastic energy
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in the eccentric contraction and why it is less affected
than other movements following stroke.

Implications for Rehabilitation

Rehabilitation is important in reducing the effects of
muscle atrophy. Strength training is one modality that
may be used to reduce the effects of muscle atrophy after
stroke.®?73-77 Several types of contractions to improve
strength are used in a rehabilitation setting: concen-
tric, eccentric, and isometric. In many activities, such as
running or jumping, all three types of muscle actions are
required to perform a smooth, coordinated movement.
In strength training with older adults, eccentric con-
tractions can be beneficial in gaining strength with less
energy cost than concentric or isometric contractions.!®
After stroke, improvements have been found with eccen-
tric compared to concentric strength training.”® In addi-
tion, eccentric contractions followed by a concentric
contraction to generate more force may be a strategy to
use in rehabilitation to reduce deficits in the concentric
contraction.>® More research is needed to determine an
optimal combination of concentric, eccentric, and iso-
metric training to improve the strength of a muscle after
stroke.

In addition to preventing muscle atrophy, maintaining
the length of muscle fibres and tendons could improve
the force-generating capacity of the muscle. Furthermore,
minimizing changes in tendon compliance is important,
since a longer and more compliant tendon may not be
able to store as much elastic energy.”?-#* More research is
needed in this area to determine how this energy can be
harnessed to promote the recovery of muscle weakness.

Power, which incorporates both strength and speed of
movement, may be an important parameter to consider
in rehabilitation. Indeed, deficits at higher velocities are a
key component to address in a rehabilitation programme,
because increased deficits with quicker movements could
place an individual at risk of falling.®! Strength can be
retrained in paretic muscles, but Lee and colleagues®
showed that strengthening exercises do not retrain power.
In older adults, power is affected more by the reduction
in speed of movement than by force deficits,'® and thus
research is needed to investigate retraining of speed of
movement and power after stroke.

The final clinical implication for rehabilitation is
related to the clinical evaluation of muscle strength. The
angle-torque relationship will influence the assessment
of muscle weakness after stroke; therefore, to ensure
that force generation is evaluated consistently, it is
important to use the same test position over time. For
example, larger forces can be generated by the knee
extensors in sitting than in supine position.8? The force
generated also varies with the type of muscle contrac-
tion, and therefore care must be taken when assessing
muscles following stroke, since manual muscle testing
is an isometric action whereas functional ADL rarely
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involve isometric actions alone. In a study by Knapik and
colleagues, although concentric movements at lower ve-
locities (30°/s) correlated with isometric contractions,
there were no similarities with higher velocities.?? There-
fore, an assessment of isometric muscle strength may
overestimate the force-generating ability a muscle has
in typical concentric contractions.

This review has several limitations that should be
considered. The main limitation is related to the small
number of studies that met the inclusion criteria. For ex-
ample, only three studies were identified that examined
pennation angle, which made it difficult to draw conclu-
sions as to whether differences in pennation angle are
related to the function of the muscles or to structural
composition. Different techniques (CT, DEXA, and US)
were used to examine muscle atrophy, and the small
number of studies made it difficult to compare findings.
Not all articles reported participants’ level of recovery,
making it difficult to know whether the differences in
results, such as muscle atrophy, were related to the
severity of stroke.

CONCLUSION

We have presented evidence from the literature that
changes in the architecture of the muscle contribute to
muscle weakness. A rehabilitation programme should
endeavour to prevent or reverse many of the changes
implicated in muscle weakness, such as decreased fibre
length, altered pennation angle, muscle atrophy, and
increased tendon compliance. There are areas where
more research is needed to determine the impact that
particular changes have on people with stroke, such as
changes in pennation angle and preservation of force in
eccentric actions. Further research into the mechanism
of the short stretched cycle may be beneficial if elastic
energy can be harnessed to enhance force in other types
of contractions.

KEY MESSAGES

What Is Already Known on This Topic

Muscle weakness is common after stroke. Consider-
able research has examined the reorganization of neural
pathways and the contribution of neuroplasticity to mus-
cle weakness.

What This Study Adds

We reviewed studies exploring changes in the archi-
tecture of the muscle after stroke and their influence on
muscle weakness. An understanding of the changes at
the level of the muscle will help physiotherapists to
understand what changes occur and how these changes
affect muscle weakness.
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