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Organisation anatomique
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Physiologie de la contraction
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Unités motrices

• Ensemble des fibres 
musculaires innervées par un 
motoneurone

• Adaptation à la fonction :
– Pouce : 15 à 20 fibres
– Vastus Lateralis : 300 fibres

5

Propriétés structurelles
• Architecture musculaire :
– Épaisseur musculaire
– Angle de pennation
– Longueur du fascicule
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Potentiels d’actions et contractions

Jonction neuro-musculaire : synapse tout ou rien Sommation des potentiels d’action 
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Paramètres neurophysiologique

• Secousses surimposées :
– Électriques

• EMG

• Études excitabilité :
– Spinale : réflexe H
– Corticale : TMS

Dr J. Duclay – Toulouse 2014 
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MYOTYPOLOGIE
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Différents types de fibres
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Des unités motrices spécialisées

11

Recrutement des unités motrices
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Myotypologie : adaptation à la fonction

• Variable d’un muscle à 
l’autre
– Soleus : 80% fibres lentes
– Gastrocnémien : 80% fibres 

rapides

• Variation en fonction 
activité physique :
– Relation entre 

pourcentage de fibres 
lentes et VO2max
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COMPLEX MUSCULO-TENDINEUX
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Raideur musculo-tendineuse

• Relation entre l’élongation (TE) et la force 
transmise par le tendon
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Raideur en Ultrasonographie
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RENFORCEMENT MUSCULAIRE

17

Renforcement musculaire

• Principe de la contrainte :
– Contraction contre 

résistance
– Seuil arbitraire 

• 60 % FMV
• Obtenu pour une 

contraction maximale 
isométrique par jour

– Différentes modalités :
• Isométrique
• Concentrique
• Excentrique
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3 types de contraction
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Renforcement musculaire
• Plusieurs mécanismes de 

gain :
– Mécanismes de plasticité 

neurologique
• Central : modification des 

réflexes
• Pattern des motoneurones

– Hypertrophie : augmentation 
du volume des fibres 
musculaires :
• Anabolisme ++
• Rôle des cellules satellites

– Modifications des tissus 
conjonctifs : 
• Augmentation de la raideur
• Angle de pennage des fibres

20
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Adaptation neurologique

• Arguments indirects :
– Rapport gains de force / 

augmentation de la surface 
des fibres

– Gains de force croisés
• Arguments plus directs :
– Modification des réflexes
– Augmentation de la fréquence 

de décharge
– Augmentation du nombre de 

doublets
Enoka: Neuromechanics of human movement 2002
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JONES, D. A. & RUTHERFORD, 0. M. (1987). Human 
muscle strength training: the effects of three 

different training regimes and the nature of the 
resultant changes. Journal of Physiology 391, 1-11.

Adaptation neurologique

Enoka: Neuromechanics of human movement 2002
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Modifications des réflexes

Roy, MA et al; 1984 Can J Appl Sport Sci, 9:20
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Kamen G and Knight CA. Training-related adaptations in motor unit discharge rate in 
young and older adults. J Gerontol A Biol Sci Med Sci 59: 1334–1338, 2004.

Augmentation de la fréquence de 
décharge instantanée
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Modifications d’architecture 
des fibres musculaires

• Au delà de 14 semaines 
d’entrainement
– Augmentation de 

surface des fibres
– Augmentation de 

longueur des fibres
– Augmentation de l’angle 

de pennation

Aagaard P, Andersen JL, Leffers AM, Wagner Å, Magnusson SP, Halkjãr-Kristensen J, Dyhre-Poulsen P, Simonsen EB. A 
mechanism for increased contractile strength of human pennate muscle in response to strength training - Changes in muscle 
architecture. J Physiol 2001; 534.2:613-623.
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Modification du tissus de support

D’après Jones 1989
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Modifications du tissus de support

• Complexe aponévrose tendon vs tendon :
– Kubo et al (2006) ont montré que la raideur du 

complexe aponévrose tendon augmente 
significativement à la suite de 12 semaines de 
renforcement musculaire isométrique

• Mécanismes :
– Pas de modification de la surface de section du 

tendon
– Transformation de la structure interne du tendon 

(Kjaer 2004)

27

Myotypologie et renforcement 
musculaire

Andersen JL, Aagaard P. Myosin heavy chain IIX overshooting in human skeletal muscle. Muscle Nerve 2000; 
23:1095-1104.
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Relation EMG moment
• é moment èéEMG
• Distinction facteur nerveux et périphériques:
– Moritani & De Vries 1979
– Limites : coactivation musculaire agoniste antagoniste

Dr J. Duclay – Toulouse 2014 
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Relation EMG - moment
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PLASTICITÉ MUSCULAIRE

31

LINDH, M. (1979). Increase of muscle strength from isometric quadriceps exercise at different knee angles. 
Scandinavian Journal of Rehabilitation Medicine 11, 33-36.

Renforcement Isométrique :
Spécificité d’angle
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Hypothèse neurophysiologique

• Kitai et Sale 1979 :
– 3 séances par semaine
– 2 séries de 10 contractions 

MVC 5 sec
– Positions angulaire 0°

• Gain spécifique angulaire sur 
contraction maximale 
volontaire

• Pas de spécificité sur 
contraction maximale 
évoquée par stimulations 
électriques

Dr J. Duclay – Toulouse 2014 
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Hypothèses mécaniques

1 - Muscles à plusieurs chefs

Dr J. Duclay – Toulouse 2014 

Entrainement isométrique et relation moment-angle 

Hypothèse mécanique 

Entrainement du quadriceps 
EMS 8 semaines 

Position articulaire 90° 

Hypertrophie 
sélective  

Gondin et al 2005 

Gondin et al 2005 :
Entrainement Quadriceps par EMS 8 semaines
Position articulaire 90°

34



01/12/2025

18

Hypothèse mécanique

Dr J. Duclay – Toulouse 2014 

Entrainement isométrique et relation moment-angle 
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CAIOZZO, V. J., PERRINE, J. R. & EDGERTON, V. R. (1981). Training induced alterations of the in vivo 
force-velocity relationship of human muscle. Journal of Applied Physiology 51 (3), 750-754.

Spécificité de la vitesse
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RUTHERFORD, 0. M., GREIG, C. A., SARGEANT, A. J. & JONES, D. A. (1986). Strength training and
power output: transference effects in the human quadriceps muscle. Journal of Sports Science 4,

101-107.

Spécifique de la tâche
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Généralisation des gains

• Excentrique > 
Concentrique> isométrique

• Vitesse rapide> vitesse lente
• Problème tolérance

38
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Répétitions et RF anisométrique
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NOUVELLES TECHNIQUES

41

Electrostimulation
• Pas de supériorité par 

rapport aux techniques 
conventionnelles

• Un modèle expérimental 
pour les transitions de 
fibre

• Gains dépendants de la 
tension produite :
– Intensité
– Extrémité bloquée

• Intérêt chez le sportif :
– Recrutement fibre 

nerveuse d’abord
– Inversion ordre de 

recrutement

42
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on untrained subjects, and 10 studies were conducted on trained subjects. The main
training methods were squatting and bench pressing. The VRT forms included chain
and elastic resistance combined with barbells. In terms of the training period, 10 studies
were  10 weeks, and four studies were >10 weeks. The percentage of maximum repeti-
tions was from 30 to 95%; the proportion of the variable load component accounted for
10–35% of the total load.

3.3. Meta-Analysis Results of VRT and CRT Modes on Maximum Strength
A total of 22 reports that comprised both trained and untrained participants were

included for the meta-analysis [8,16,22–24,31–39]. As shown in Figure 2, VRT and CRT sig-
nificantly differed in the improvement of the maximum strength of the subjects (ES = 0.80;
95% CI: 0.42–1.19). However, high statistical heterogeneity (I2 = 78%) was detected in
our analysis.

Figure 2. Forest plot of maximum-strength development comparison between VRT and CRT.

3.4. Influence of VRT and CRT on Maximum Strength of Trained Subjects
The meta-analysis conducted on the studies of only trained subjects showed that VRT

favored a significantly higher improvement of maximum strength than CRT (ES = 0.57;
95% CI: 0.22–0.93; Figure 3) [8,22–24,32,36–39]. Based on the VRT workload, we then
subgrouped the studies into <80% and �80% 1RM. As reported in Figure 3, the effect of
VRT with a load of �80% 1RM on the maximum-strength development was significantly
higher than that of CRT (ES = 0.76; 95% CI: 0.37–1.16). However, no significant differences
were observed between VRT and CRT in the improvement of maximum-strength when the
load of VRT was <80% 1RM (ES = 0.00; 95% CI: �0.55–0.55; Figure 3).
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Abstract: Greater muscular strength is generally associated with superior sports performance, for
example, in jumping, sprinting, and throwing. This meta-analysis aims to compare the effects of
variable-resistance training (VRT) and constant-resistance training (CRT) on the maximum strength of
trained and untrained subjects. PubMed, Web of Science, and Google Scholar were comprehensively
searched to identify relevant studies published up to January 2022. Fourteen studies that met the
inclusion criteria were used for the systematic review and meta-analysis. Data regarding training
status, training modality, and type of outcome measure were extracted for the analyses. The Cochrane
Collaboration tool was used to assess the risk of bias. The pooled outcome showed improved
maximum strength with VRT, which was significantly higher than that with CRT (ES = 0.80; 95% CI:
0.42–1.19) for all the subjects. In addition, trained subjects experienced greater maximum-strength
improvements with VRT than with CRT (ES = 0.57; 95% CI: 0.22–0.93). Based on subgroup analyses,
maximum-strength improvement with a VRT load of �80% of 1 repetition maximum (1RM) was
significantly higher than that with CRT (ES = 0.76; 95% CI: 0.37–1.16) in trained subjects, while
no significant differences were found between VRT and CRT for maximum-strength improvement
when the load was <80% (ES = 0.00; 95% CI: �0.55–0.55). The untrained subjects also achieved
greater maximum strength with VRT than with CRT (ES = 1.34; 95% CI: 0.28–2.40). Interestingly, the
improved maximum strength of untrained subjects with a VRT load of <80% of 1RM was significantly
higher than that with CRT (ES = 2.38; 95% CI: 1.39–3.36); however, no significant differences were
noted between VRT and CRT when the load was �80% of 1RM (ES = �0.04; 95% CI: �0.89–0.81).
Our findings show that subjects with resistance training experience could use a load of �80% of 1RM
and subjects without resistance training experience could use a load of <80% of 1RM to obtain greater
VRT benefits.

Keywords: dose–response; training intensity; elastic bands; chain; training load

1. Introduction

Maximum strength is the maximum force a muscle can generate in a single isometric
voluntary contraction [1]. The performance of athletes, especially in powerlifting and
weightlifting, is directly associated with their maximum strength. Athletes in sports
such as track-and-field, wrestling, and basketball also require maximum strength for better
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Blood Flow Restriction

Cardiovascular Adaptations

The cardiorespiratory system is essential in the delivery of
substrates, removal of by-products, and whole body regula-
tory processes (e.g., acid-base balance and thermoregulation).
Thus, along with sustaining or improving intramuscular
physiology with training, athletes must also maintain a well-
developed cardiorespiratory system. Fundamentally, the car-
diovascular system from the heart to the microvasculature
strongly governs whole body V_ O2max, which is determined by
the product of maximal cardiac output (Q_ max) and the arterial
to mixed-venous oxygen (a-v!O2) difference. What factor(s)
limit V_ O2max is dependent on the interaction of systemic oxy-
gen delivery (product of Q_ max and arterial oxygen content;
CaO2) with oxygen extraction (a-v!O2 difference/CaO2), a rela-
tionship that is influenced by training status (53) and disease/
health state (54). Although these factors are multivariable and
notmutually exclusive [see refs (53, 54) for more information],
recent evidence suggests that oxygen delivery to the active
muscles may limit V_ O2max in endurance-trained individuals
as opposed to intrinsic skeletal muscle mitochondrial respira-
tory capacity (55). On the contrary, mitochondrial respiratory
capacity may play a contributing role in V_ O2max limitations in
untrained individuals (55).

Different V_ O2max limitations in endurance-trained versus
untrained subjects are intriguing because improvements in
V_ O2max with BFR training have been observed regardless of
exercise mode or intensity in both the untrained (26, 49, 56)
and trained states (4–6). Local adaptations along the vascu-
lar tree, such as an increase in conduit artery blood flow and
muscle capillary density, and those within skeletal muscle
such as an elevated oxidative capacity probably contribute
to increase V_ O2max with BFR training (48, 50). Nevertheless,
given the strong relationship between Q_ max and V_ O2max (53),
central cardiovascular improvements may also contribute to
increase V_ O2max in some instances [e.g., endurance-trained
athletes (4–6)]. The lack of an increase in muscle capillarity
or mitochondrial protein content in endurance-trained ath-
letes, despite robust increases in V_ O2max with SIT þ BFR (5),
supports the notion of central cardiovascular improvements.
To date, no studies have directly investigated changes in
cardiac structure and function following BFR training.
Theoretically, increases in cardiac demand (attenuated
stroke volume and increased double product) with BFR exer-
cise (57) might expedite cardiac structural adaptations such
as an increase in left ventricular size, which could elevate
stroke volume and therefore Q_ max. Although this proposition
is enticing, structural changes within the heart take months
to years of training (58), thus, casting doubt as a primary
mechanism with short-term BFR training. On a speculative
note, hematological variables such as plasma volume and
hemoglobin mass can increase at the onset of short-term
training to elevate stroke volume and systemic oxygen deliv-
ery (58), but these possibilities also remain to be investigated
with BFR training.

Although Q_ max and CaO2 dictate the systemic oxygen
delivery capacity, the peripheral vascular bed of the exercis-
ing muscle plays an important role in the regulation of blood
flow and substrate delivery/uptake (54). Compared with reg-
ular exercise, BFR exercise provides a unique pattern of
blood flow (37). During BFR exercise, muscle oxygen supply

is reduced, which stimulates the release of local vasodilatory
substances from the vasculature and contracting muscles.
As a result, upon tourniquet/cuff release, a large increase in
blood flow transiently elevates vascular shear stress (37).
Both the reduced muscle oxygen supply during exercise and
elevated vascular shear stress after exercise supports that
BFR training may promote adaptations in skeletal muscle
blood perfusion along the peripheral vascular tree, as has
been reported (37, 48). Accordingly, BFR-endurance and
BFR-resistance exercise acutely increases the mRNA content
for regulators of angiogenesis (41, 59), and over several
weeks, may expand the capillary network (#20%–40%) with
training compared with work-matched controls (48, 60).
However, when resistance training is performed to volitional
fatigue, microvascular expansion increased similarly with
and without BFR (#14%–18%) (28). Together, these findings
highlight that the addition of BFR to endurance- or resist-
ance-exercise magnifies the short-term angiogenic response
for a given amount of exercise. Moreover, BFR-resistance
training positively influences resistance and conduit vascu-
lar function and structure (61, 62), although impairments in
vascular function have been observed with this type of BFR
training (63). This discrepancy could be due to an interaction
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Figure 2. A: summary of the applications of blood flow restriction (BFR;
red) with different exercise (gray) intensity, duration, and frequency.
Exercise modes (walking/running, cycling, rowing) can be interchange-
able. B: a hypothetical illustration of training adaptations without (blue) or
with (red) BFR in untrained (solid lines) and trained (dashed lines) states.
Note that the addition of BFR may accelerate the adaptations at the onset
of training in both scenarios, but the magnitude and timeline of change
may be different. The fading of each line and the question marks indicate
that less is known about the temporal response to training with and with-
out BFR for prolonged periods (>8 wk).
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Cardiovascular Adaptations

The cardiorespiratory system is essential in the delivery of
substrates, removal of by-products, and whole body regula-
tory processes (e.g., acid-base balance and thermoregulation).
Thus, along with sustaining or improving intramuscular
physiology with training, athletes must also maintain a well-
developed cardiorespiratory system. Fundamentally, the car-
diovascular system from the heart to the microvasculature
strongly governs whole body V_ O2max, which is determined by
the product of maximal cardiac output (Q_ max) and the arterial
to mixed-venous oxygen (a-v!O2) difference. What factor(s)
limit V_ O2max is dependent on the interaction of systemic oxy-
gen delivery (product of Q_ max and arterial oxygen content;
CaO2) with oxygen extraction (a-v!O2 difference/CaO2), a rela-
tionship that is influenced by training status (53) and disease/
health state (54). Although these factors are multivariable and
notmutually exclusive [see refs (53, 54) for more information],
recent evidence suggests that oxygen delivery to the active
muscles may limit V_ O2max in endurance-trained individuals
as opposed to intrinsic skeletal muscle mitochondrial respira-
tory capacity (55). On the contrary, mitochondrial respiratory
capacity may play a contributing role in V_ O2max limitations in
untrained individuals (55).

Different V_ O2max limitations in endurance-trained versus
untrained subjects are intriguing because improvements in
V_ O2max with BFR training have been observed regardless of
exercise mode or intensity in both the untrained (26, 49, 56)
and trained states (4–6). Local adaptations along the vascu-
lar tree, such as an increase in conduit artery blood flow and
muscle capillary density, and those within skeletal muscle
such as an elevated oxidative capacity probably contribute
to increase V_ O2max with BFR training (48, 50). Nevertheless,
given the strong relationship between Q_ max and V_ O2max (53),
central cardiovascular improvements may also contribute to
increase V_ O2max in some instances [e.g., endurance-trained
athletes (4–6)]. The lack of an increase in muscle capillarity
or mitochondrial protein content in endurance-trained ath-
letes, despite robust increases in V_ O2max with SIT þ BFR (5),
supports the notion of central cardiovascular improvements.
To date, no studies have directly investigated changes in
cardiac structure and function following BFR training.
Theoretically, increases in cardiac demand (attenuated
stroke volume and increased double product) with BFR exer-
cise (57) might expedite cardiac structural adaptations such
as an increase in left ventricular size, which could elevate
stroke volume and therefore Q_ max. Although this proposition
is enticing, structural changes within the heart take months
to years of training (58), thus, casting doubt as a primary
mechanism with short-term BFR training. On a speculative
note, hematological variables such as plasma volume and
hemoglobin mass can increase at the onset of short-term
training to elevate stroke volume and systemic oxygen deliv-
ery (58), but these possibilities also remain to be investigated
with BFR training.

Although Q_ max and CaO2 dictate the systemic oxygen
delivery capacity, the peripheral vascular bed of the exercis-
ing muscle plays an important role in the regulation of blood
flow and substrate delivery/uptake (54). Compared with reg-
ular exercise, BFR exercise provides a unique pattern of
blood flow (37). During BFR exercise, muscle oxygen supply

is reduced, which stimulates the release of local vasodilatory
substances from the vasculature and contracting muscles.
As a result, upon tourniquet/cuff release, a large increase in
blood flow transiently elevates vascular shear stress (37).
Both the reduced muscle oxygen supply during exercise and
elevated vascular shear stress after exercise supports that
BFR training may promote adaptations in skeletal muscle
blood perfusion along the peripheral vascular tree, as has
been reported (37, 48). Accordingly, BFR-endurance and
BFR-resistance exercise acutely increases the mRNA content
for regulators of angiogenesis (41, 59), and over several
weeks, may expand the capillary network (#20%–40%) with
training compared with work-matched controls (48, 60).
However, when resistance training is performed to volitional
fatigue, microvascular expansion increased similarly with
and without BFR (#14%–18%) (28). Together, these findings
highlight that the addition of BFR to endurance- or resist-
ance-exercise magnifies the short-term angiogenic response
for a given amount of exercise. Moreover, BFR-resistance
training positively influences resistance and conduit vascu-
lar function and structure (61, 62), although impairments in
vascular function have been observed with this type of BFR
training (63). This discrepancy could be due to an interaction
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with (red) BFR in untrained (solid lines) and trained (dashed lines) states.
Note that the addition of BFR may accelerate the adaptations at the onset
of training in both scenarios, but the magnitude and timeline of change
may be different. The fading of each line and the question marks indicate
that less is known about the temporal response to training with and with-
out BFR for prolonged periods (>8 wk).
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mitochondrial physiology (40). When exercise is combined
with BFR, the reduced blood-borne substrate availability (e.g.,
oxygen and extracellular fuel sources) increases the reliance
on local substrates [e.g., glycogen, phosphocreatine (PCr)] for
ATP production. These changes in metabolism could aug-
ment aforementioned stresses and signaling events and
thereby potentiate mitochondrial adaptations. Accordingly,
early (0–4h) cellular responses associated with mitochondrial
biogenesis such as phosphorylation of AMPKa or ACC (pre-
sumably a better indicator of change in AMPK activity than
AMPKa phosphorylation in response to exercise) and/or gene
expression (e.g., PGC-1a mRNA content) are increased follow-
ing low-load BFR-resistance exercise (41) andmoderate-inten-
sity, steady-state (42, 43) or interval (35) BFR-endurance
exercise compared with work-matched controls. Notably,
inconsistencies have been observed in the literature. BFR
applied between supramaximal bike sprints (6) or during
15min of low-intensity cycling (44) did not alter p38-MAPK
and AMPKa phosphorylation or PGC-1amRNA expression. By
contrast, compared with work-matched controls, p38-MAPK
phosphorylation (45) and PGC-1a protein abundance (46)
increased 3h after low-intensity BFR-treadmill walking.
However, caution is warranted when assessing the outcomes
from the latter two studies due to the small sample sizes (n = 5
or 6), the limited number of signaling proteins investigated,
and lack of gene expression analyses (45, 46).

In line with the acute responses, 6 wk of low-load BFR-re-
sistance training increased muscle mitochondrial protein
synthesis and respiratory capacity similar to the changes
observed after high-load resistance training (47). However,
when low-load resistance training is performed to volitional
fatigue, the addition of BFR does not further augment the
mitochondrial respiratory capacity (28). Further, markers
commonly used as a proxy for mitochondrial content
(COXIV protein abundance and citrate synthase activity) did
not change in these studies (28, 47). In regard to endurance-

type exercise, 4 wk of moderate-intensity bike training (45
min/session) with BFR increased citrate synthase activity
more (!20%) compared with the work-matched control (48).
Similarly, muscle COXIV abundance increased from baseline
(!20%) following low-intensity bike training (30 min/ses-
sion) with BFR (49). Favorable effects of BFR-interval train-
ing on muscle oxidative capacity have also been
demonstrated with 4–6wk of bike-interval training with cy-
clical BFR, which improved muscle diffusional O2 conduct-
ance (50) and oxygen kinetics (51). However, in the former
study, COXIV abundance did not significantly increase (50).
A lack of an increase in markers for muscle oxidative
capacity (COXIV, COXII, and citrate synthase protein abun-
dance) has also been observed after 4 wk of supramaximal
bike sprint training with BFR during the rest intervals de-
spite improvements in V_ O2max (5).

In summary, despite the consistent findings of a greater
work capacity and/or V_ O2max with BFR training, increases in
muscle oxidative capacity seem dependent on the type of
BFR training performed, with greatest benefits achieved
from endurance- versus resistance-type BFR training.
However, few BFR studies have examined functional varia-
bles of mitochondrial respiration. Notably, most studies
have explored mitochondrially located proteins to estimate
content, which may not necessarily parallel structural and
functional changes in the mitochondrial network following
training (52). Based on few published studies, the potential
to increase muscle oxidative capacity in athletes with BFR
training may occur via different mechanisms. Specifically,
interval-type BFR training improves the skeletal muscle’s
mitochondrial function, independent of robust increases in
markers of mitochondrial content, whereas continuous,
steady-state BFR training may increase mitochondrial con-
tent. Future work is required to clarify the interaction of BFR
with key training variables (duration, frequency, and inten-
sity) onmuscle oxidative capacity.

Figure 1. A schematic diagram illustrating possible skeletal muscle and cardiovascular adaptations that are improved with blood flow restriction training
compared with work-matched training. Each inset was derived based on available literature with the exception of systemic oxygen delivery, which has
not been investigated yet as indicated by (?). It remains to be determined how the interaction of blood flow restriction and principle exercise training vari-
ables (intensity, duration, and frequency) influence each distinct adaptation. Anti-Ox; antioxidant, JO2; oxygen consumption, ROS; reactive oxygen
species.
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Conclusion

• Muscle s’adapte à la fonction
• Plasticité spécifique de la tâche
• Transition des fibres :
– Un exemple d’action de l’environnement sur le 

phénotype
– II à I peut être
– Pas I à II
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