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ABSTRACT

Mechanical tension, the force-velocity relationship, 
and high motor unit recruitment are all key factors 
in skeletal muscle fiber hypertrophy. Fatigue 
mechanisms can attenuate the hypertrophic 
response and can develop at any step during 
muscular contractions and in the post-workout 
period. These fatigue mechanisms can be split into 
central and peripheral nervous system. Fatigue 
physiology plays a key role in potentially modulating 
muscle fiber hypertrophy however they are seldom 
discussed together. This review aims to bridge the 
gap between the two domains and bring focus to 
the importance of appreciating and considering 
the role fatigue physiology can play in muscle fiber 
hypertrophy outcomes.

Keywords: Mechanical tension; motor unit 
recruitment; force-velocity relationship; length-
tension relationship; central nervous system fatigue; 
peripheral fatigue.

INTRODUCTION

The various purported mechanisms of muscle fiber 
hypertrophy are well discussed in the literature. A 
comprehensive review article by Schoenfeld in 
2010 discussed the three main purported drivers 
of muscle growth from exercise-induced activity 
(119). These are mechanical tension, muscle 
damage, and metabolic stress. There is contention 
as to whether all of these are contributors to muscle 
fiber hypertrophy rather than just mechanical 
tension alone (118, 54, 82, 135). However, seldom 
discussed alongside these are the mechanisms 
of fatigue which can play an impactful role in the 
decline of muscle fiber function during exercise (72, 
139).

This review aims to bridge key concepts of the 
hypertrophic and fatigue literature and discuss 
these joint implications in hypertrophy outcomes. 
The approach of this paper is twofold: 1) review the 
key contributors of muscle fiber hypertrophy, and 
2) review and discuss the involvement of fatigue in 
the key steps of muscular contractions, and their 
potential implications in hypertrophy outcomes.

As this review aims to bridge together muscle fiber 
hypertrophy and fatigue, many areas of physiology 
will be discussed, such as biomechanics, 
neurophysiology, and muscular biochemistry. 
Therefore, the following section will provide a 
summary of key terms to be discussed to provide the 
reader with some insight into these important topics, 
including muscle fiber hypertrophy, sarcomeres, 
fatigue, joint torques and internal moment arms.

Defining Muscle Fiber Hypertrophy

Hypertrophy refers to the increase of cross-
sectional area of muscle fibers (132). Mechanisms 
of muscle fiber hypertrophy that have been 
proposed include existing muscle fiber splitting to 
create new daughter myofibrils or from additions 
of new myofilaments to the interior or exterior of 
existing myofibrils, making them larger (70). Muscle 
fibers can also grow lengthwise from the addition 
of sarcomeres in series (4). A sarcomere can be 
defined as the smallest functional unit of a muscle 
fiber and contains the molecular machinery to 
produce force via actomyosin cross bridges (for a 
comprehensive review, see 127).

Defining Fatigue

Fatigue can be defined as a temporary and 
reversible reduction in exercise performance 
due to a bout of previous exercise (13). There are 
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two types of neuromuscular fatigue: 1) Central 
Nervous System (CNS), which can be split into 
supraspinal (130) and spinal (47) fatigue, and 2) 
Peripheral Nervous System, which can be split into 
metabolite-related (74) and calcium-ion related 
(49) fatigue. Fatigue is an objective measurable 
phenomena and not simply the subjective feeling 
of lethargy experienced after a bout of exercise 
(60). Supraspinal fatigue can be measured by the 
use of maximum voluntary isometric contractions 
(MVIC) (46) and calcium-ion related fatigue can 
be measured by ratio of high/low frequency force 
measurements using the interpolated twitch 
technique, respectively (57). Both types of fatigue 
can have an impact on hypertrophic outcomes and 
can develop during exercise (134) and in the post-
workout period (106).

Defining Joint Torque and Internal Moment Arm

A joint torque can be defined as the force needed 
to rotate a joint about its axis and is calculated 
as the product of force (newtons) and internal 
moment arm (metres). The internal moment arm 
is the perpendicular distance between the line of 
action of a force and the axis of rotation. For a given 
amount of muscle force, a longer internal moment 
arm results in a greater joint torque being produced 
(147). The internal moment arm represents a 
muscle’s leverage in producing a joint moment and 
therefore its contribution to a particular joint motion, 
defining the role of the muscle (44).

Key Hypertrophy Considerations

The following will be introduced and discussed 
below as it pertains to muscle fiber hypertrophy: 
1) mechanical tension, 2) the force-velocity 
relationship and, 3) the length-tension relationship.

Mechanical Tension

Mechanical tension as a driver for muscle growth 
has been well understood since the 1970’s. 
Goldberg and colleagues (50) discuss that tension, 
either active or passive, is critical in initiating muscle 
growth and can be defined as the force experienced 
by contracting or lengthening muscle fibers. Since 
then, further research confirms the importance of 
mechanical tension’s role in driving muscle growth 
(51, 138). Although muscle damage and metabolic 
stress have been linked to hypertrophy outcomes 
(see Schoenfeld review 119 for in depth discussion) 
and mechanisms proposed, the role of mechanical 
tension is clearly defined (141).

Muscle fibers are distinguished typically by 
their myosin heavy chain isoform, and exist on 
a continuum from type I to type IIX ranging from 
several to thousands of micrometers in diameter 
(100), with maximal fiber size being limited by 
the ability to process sufficient oxygen; the more 
oxidative a muscle fiber the smaller its maximum 
potential size compared to more glycolytic muscle 
fibers (137).

Muscle fibers detect mechanical tension via 
mechanoreceptors which initiate the downstream 
anabolic signaling pathway mediators such as akt/
mTOR (63), MAPK (7), and p70S6K (8). After a bout 
of resistance training, muscle protein synthesis 
(MPS) rates can be elevated up to 150% above 
baseline for ~24-48 hours (78, 25). MPS rates 
are also elevated above baseline after a muscle 
damaging workout in order to repair any damage to 
the muscle fibers or the surrounding ultrastructures 
(144), therefore MPS rate post-intervention must 
be interpreted with caution. Researchers currently 
measure muscle protein synthesis in a multitude 
of ways, including but not limited to mixed muscle 
protein fractional synthesis rates (FSR) (10), 
integrated muscle myofibrillar protein FSR (31), 
L-[ring−13C6] phenylalanine infusion (108) and oral 
deuterium oxide tracer (19). The same signaling 
pathways are activated during muscle fiber damage 
repair described earlier for muscle fiber hypertrophy 
(83). This illustrates the difficulty in accurately 
distinguishing between muscle fiber repair and 
muscle fiber growth if using mixed muscle protein 
synthesis.

A major limitation in measuring muscle fiber size 
from a resistance training intervention is that popular 
techniques such as CT, MRI and DXA measure 
muscle thickness to estimate muscle fiber cross-
sectional area (43). These methods used to assess 
muscle fiber size cannot distinguish between lean 
body mass (LBM) and skeletal muscle tissue: 
for example, DXA uses a 3-compartment model 
which directly measures fat and bone content and 
estimates the remainder as LBM, with LBM being 
influenced by connective tissue, water, and fat 
(9). This is a potentially major limitation as muscle 
swelling appears to persist for numerous days 
after resistance training and may peak around 72-
96 hours post-workout (112) and appears to be 
caused by increased muscle fiber intracellular 
fluid content with the more glycolytic type IIx fibers 
most affected (28, 64). If muscle fiber hypertrophy 
measures are taken within 72 hours post-resistance 
training intervention, this could present as an issue. 
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Muscle swelling appears to continue even after the 
first workout and therefore cannot be a phenomena 
attributed to untrained individuals only (42). This is 
explained by the ‘repeated-bout effect’ phenomena 
which affords protection against muscle damage 
from later exercise bouts after the initial (67). Several 
studies have reported the possible post-intervention 
muscle fiber size measurement issues due to 
edema (30, 94, 93). To summarize, mechanical 
tension’s role is clearly defined as a stimulus for 
muscle fiber hypertrophy, with major limitations 
apparent in the methods used to determine muscle 
fiber hypertrophy.

The Force-Velocity Relationship

The concentric force-velocity relationship in skeletal 
muscle states an inverse relationship between 
muscle fiber shortening velocity and the force 
produced; the slower a muscle fiber shortens the 
greater the force it can produce (145). This is due 
to the number of actin-myosin cross-bridges that 
can be formed; the faster the movement velocity, 
the faster the rate of attachment and detachment, 
therefore a reduction in force (66). This force is 
the mechanical tension experienced by activated 
muscle fibers (50). It is worth noting this force 
experienced by muscle fibers differs from the 
whole muscle force required to overcome Newton’s 
laws of motion and move the mass of the weight; 
overcoming the initial inertia, accelerating the 
weight against gravity, and deceleration towards the 
end of movement (45). The eccentric force-velocity 
relationship is much flatter than the concentric 
force-velocity relationship (2). The force produced 
during eccentric contractions is also far greater 
than those produced during concentric contractions 
in activated muscle fibers due to the involvement of 
the viscoelastic protein titin which produces greater 
force with increasing velocity of lengthening (107). 
However, as greater force can be produced, less 
motor unit recruitment is required for the same load 
lifted compared to concentric contractions (34).

Motor unit recruitment is governed by Henneman’s 
size principle (59). Motor units are recruited in 
size order from low-threshold to high-threshold 
depending on the demands; the heavier the 
external load, the greater the external force required 
to overcome, the greater the motor unit recruitment 
required and the more muscle fibers that are 
activated (39). As the largest, more glycolytic type 
II muscle fibers are most susceptible to growth 
compared to smaller, lower-threshold motor units 
(137) the focus should be on achieving high motor 

unit recruitment in a resistance training programme 
(58).

Interestingly both high velocity movements (140) 
such as vertical jumping, and strength training with 
‘heavy’ loading, which is about 85% of a 1 repetition 
maximum (35) achieve high motor unit recruitment, 
yet different hypertrophy outcomes (98). Explosive 
movements by virtue of being high velocity means 
low muscle fiber force due to the faster actin-myosin 
detachment rate (101), therefore low degrees of 
mechanical tension experienced per muscle fiber. 
On the contrary, ‘heavy’ loads (>~85% 1RM) also 
require full motor unit recruitment (55) but have 
an involuntarily slow movement speed (due to a 
high degree of effort being required from the first 
repetition). This suggests high degrees of force 
and high mechanical tension per activated muscle 
fiber. Velocity-loss based training studies illustrate 
the importance of the force-velocity relationship in 
providing the mechanical tension stimulus required 
for muscle fiber hypertrophy (99).

‘Lighter’ loads (~30% 1RM) can also be used 
to attain a high level of motor unit recruitment 
and therefore similar hypertrophy outcomes to 
using ‘heavy’ loading (115). However, there is 
an important distinction to be made when ‘lighter’ 
loads are used; as mentioned above, when heavy 
loads (~85% 1RM) are used, which is about a 5-6 
repetition maximum, full motor unit recruitment is 
achieved from the first repetition, however when 
lighter loads are used (~30% to <85% 1RM), the 
motor unit recruitment is built up over the course 
of the working set as lower-threshold motor units 
fatigue and higher-threshold motor units must be 
recruited to continue to produce the required force 
(35).

Loads that are less than ~20% of a 1 repetition 
maximum (‘very light’ loads) are too light to produce 
meaningful hypertrophy (81). The use of blood flow 
restriction (BFR) techniques such as occlusion cuffs 
can achieve similar hypertrophy outcomes with 
‘very light’ loads compared to ‘light’ loads (123). 
Interestingly, venous occlusion does not occur with 
‘very light’ loads as the contractile force is too little 
(114), therefore metabolites cannot be trapped 
inside the muscle. These metabolites are key to 
slowing the muscle fiber shortening velocity (143). 
Evidence suggests it is not the accumulation of 
metabolites such as lactate and growth hormone 
that is directly causing the hypertrophic effects 
seen with BFR (146) nor is it the associated hypoxia 
in absence of exercise with BFR (95), providing 
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evidence against the idea that metabolic stress 
causes hypertrophy.

As motor unit recruitment is high from the beginning 
of a set with ‘heavy loads’, these sets may not 
necessarily need to be taken to failure, whereas 
lighter loads which require the gradual recruitment 
of higher threshold motor units may need to be 
taken closer to failure (88). This is reflected in the 
idea that a large rep range exists for skeletal muscle 
hypertrophy with proximity to task failure considered 
important (56). To summarize, the force-velocity 
relationship is a key factor determining the amount 
of mechanical tension an activated muscle fiber can 
experience. Concomitantly, a high-degree of motor 
unit recruitment is equally important to gain access 
to the muscle fibers most susceptible to growth 
(glycolytic type II).

Length-Tension Relationship

The length-tension relationship describes the 
tension that can be produced by an individual 
sarcomere at a particular length (53). The length-
tension relationship has two components; active 
and passive; the active length-tension relationship 
describes the contractile components of the 
sarcomere and the actin-myosin interactions during 
a concentric muscle action (111). The passive 
length-tension relationship describes the tension 
experienced during an eccentric muscle action due 
to the major contributions of the viscoelastic protein 
titin and some smaller contributions from the parallel 
and series elastic components (110).

Sarcomeres, the smallest functional unit of a muscle 
fiber, produce their greatest tension where there 
is greatest overlap between actin and myosin 
filaments which is described as the plateau of 
the length-tension relationship (21). At extremely 
short (ascending limb) or long (descending limb) 
sarcomere lengths, little force can be produced due 
to either too much or too little overlap of actin-myosin 
filaments, respectively (110). Different training styles 
can affect the length-tension relationship of muscle: 
eccentric-only training shifts the angle of peak 
torque to longer muscle lengths due to the addition 
of sarcomeres in series (62), whereas concentric-
only training does not (136).

The length-tension relationship of each activated 
muscle fiber dictates sarcomere operating 
lengths (SOL); muscle fibers with SOLs that 
reach the descending limb (long lengths) are 
able to experience stretch-mediated hypertrophy 

(SMH) which can be measured as an increase 
in muscle fascicle length (4). An example would 
be the quadricep sarcomeres which operate on 
the descending limb (125) and therefore can 
experience sufficient passive tension to experience 
SMH, similar to the Biceps femoris hamstring muscle 
(4). However, the triceps brachii whose sarcomeres 
do not reach the descending limb, and appear to 
exist mainly on the plateau, do not appear to benefit 
from being trained in the stretched position (128).

The large muscle groups that contribute the greatest 
to the force requirement of movements are known 
as prime movers, which are also the muscle groups 
that likely experience a hypertrophic response 
during exercise. Prime movers are dictated by the 
relevant biomechanical leverages of the muscle(s) 
involved throughout the exercise range of motion 
(65). An example is the glute bridge for the gluteus 
maximus muscle; the internal moment arm length of 
the gluteus maximus is longer at higher degrees of 
hip extension contributing a large joint torque (89). 
To summarize, the length-tension relationship is a 
key consideration when programming resistance 
training and choosing what range of motion to take 
exercises through.

To review, mechanical tension describes the force 
experienced by an activated individual muscle 
fiber. The force-velocity relationship describes the 
slow movement speed required for an activated 
muscle fiber to experience high degrees of force 
(mechanical tension). Motor unit recruitment 
dictates the amount of activated muscle fibers and 
the length-tension relationship describes the amount 
of tension a sarcomere can produce depending on 
its length. Therefore, it appears that high motor unit 
recruitment at involuntarily slow movement velocities 
(due to the force-velocity relationship) is required to 
create a hypertrophic stimulus.

This hypertrophy can be achieved with the use of 
both ‘heavy’ and ‘light’ loads (and ‘very light’ loads 
with the use of occlusion training, for example BFR). 
However, only the highest threshold motor units 
accessible under voluntary control are capable 
of experiencing a hypertrophic response (103). 
Therefore, if the goal is to build skeletal muscle 
tissue, it seems to be pertinent to strive for full 
recruitment of all available motor units during 
resistance training.

However, in order to achieve high motor unit 
recruitment, fatigue must be appropriately managed. 
Below the various types of neuromuscular fatigue 
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will be discussed and their potential implications 
in achieving high degrees of motor unit recruitment 
and hypertrophic outcomes.

FATIGUE MECHANISMS DURING A MUSCULAR 
CONTRACTION

Central Nervous System Fatigue Mechanisms

Supraspinal Fatigue

The muscular contraction sequence begins in the 
motor cortex. A central motor command (CMC) is 
generated for a required action, such as carrying 
out daily tasks or performing resistance training 
exercises, and is akin to motor unit recruitment 
(131).

Supraspinal fatigue affects the amount of CMC that 
can be produced in the motor cortex (134). This in 
turn reduces the amount of motor unit recruitment 
capable of being achieved and therefore the 
highest threshold motor units are not activated (in 
accordance with Henneman’s size principle). The 
CMC is under voluntary control and is directly linked 
to effort (32); a greater effort voluntarily produced 
induces a greater level of CMC and therefore a 
larger recruitment of motor units. Therefore it can 
be reasoned that when experiencing supraspinal 
fatigue, this can lead to a reduction in the CMC and 
thus motor unit recruitment.

The size of the CMC generated in the motor cortex 
is linked to our perceived effort and how much 
we can tolerate (124). Marcora (86) proposed the 
psychobiological model of fatigue which centers 
around the corollary discharge theory: a copy 
signal of the CMC is produced in the sensory cortex 
and any afferent feedback causing discomfort 
such as burning or cardiovascular sensations from 
metabolite and inflammatory mediator accumulation 
will increase our perception of effort without 
increasing our CMC. This will reduce corollary 
discharge (17), and subsequently reduce the 
CMC. This suggests that our maximum tolerable 
perception of effort is reached at a lower level 
of CMC and therefore involves lower motor unit 
recruitment.

Spinal Fatigue

The extent of spinal fatigue is linked to the duration of 
the motor unit firing; the longer the firing, the greater 
the spinal fatigue (47). As motor units repeatedly 

fire, they become increasingly desensitized to the 
CMC. This reduced motor neuron excitability can 
be observed in sustained isometric contractions 
with low and high levels of muscle activation (20).

Peripheral Fatigue Mechanisms

As the action potential arrives at the NMJ, the 
neurotransmitter acetylcholine (ACh) binds to its 
receptor and transmits the action potential towards 
the muscle fiber (79). The propagation of this action 
potential across the muscle cell membrane can 
be reduced which in turn reduces the amount of 
muscle fibers which are activated; the disruption 
of this signal may be due to structural cellular 
damage: ion channels which would otherwise 
maintain appropriate polarity may be damaged 
by reactive oxygen species and phospholipase-
induced degradation (6).

The action potential depolarizes the muscle fiber 
membrane triggering the release of calcium- ions 
from the sarcoplasmic reticulum (SR), representing 
the conversion of an electrical signal into a chemical 
signal. The process of excitation contraction 
coupling (ECC) occurs at the triadic junction (121). 
Calcium-ions bind to troponin C located on Actin 
filaments, inducing a conformational change in 
the troponin complex by pulling tropomyosin away 
revealing the actin binding site to allow myosin to 
bind and form cross-bridges (52).

If the electrical signal above is impaired and does 
not convert to this chemical signal then reduced 
cross-bridges will be formed, and this in turn 
reduces muscle force. This is called ECC Failure 
(ECCF) (129). The release and reuptake of calcium-
ions occurs many times per second, as muscle 
fibers are switched on and off during contractions. 
This is a leaky process (80), and although the 
mitochondria can aid in removal of some calcium-
ions (36), especially in oxidative type I muscle 
fibers which have greater mitochondrial density 
compared to the more glycolytic type II muscle 
fibers, not all can be recovered. The mitochondria 
are particularly important during this process and 
the uptake of these calcium-ions helps support 
the energy requirements of muscular contraction 
by stimulating the krebs cycle and ATP generation 
(71). The importance of the mitochondria in calcium-
ion uptake during skeletal muscle contractions 
is demonstrated by the loss of the mitochondrial 
calcium uniporter gatekeeping protein MICU1 
which causes impaired calcium-ion uptake during 
ECC, muscle weakness and fatigue, and myofiber 
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damage repair (33). Due to the build up of calcium-
ions, calpain enzymes are released and can 
degrade the triadic junction, causing the voltage 
sensor to lose structural integrity and separate from 
the SR (11).

The cross-bridge is formed when a myosin head 
binds to actin and the cross-bridge cycle is reviewed 
in depth (77). To summarize, the cross-bridge cycle 
begins with ATP binding to a myosin head. This 
causes the detachment from actin and subsequent 
ATP hydrolysis to ADP and Pi. The ADP- myosin 
head binds to a new site on the actin filament. The 
ADP is released causing the myosin filament to 
pull on the actin filament, making the sarcomere 
shorten, leading to a muscular contraction. This 
action continues until calcium-ions are no longer 
available to bind to troponin C.

Muscle fiber shortening velocity can also be 
impacted (142) as myosin must form cross-
bridges with actin repeatedly to sustain a 
muscular contraction. Actin to myosin binding 
and unbinding can be affected by the presence 
of H+ ions (acidosis) and inorganic phosphates 
(from ATP cycling) (41), thus slowing this process 
down. However, importantly, a reduction in muscle 
fiber shortening velocity means an increase in 
muscle fiber force production due to the force-
velocity relationship discussed above, and thus an 
increase in mechanical tension. Acidosis appears 
primarily responsible for the shortening velocity 
whilst inorganic phosphate accumulation from ATP 
cycling affects muscle force to a greater degree. 
Interestingly, even with a plentiful supply of ATP, the 
build up of phosphates can stop the cross-bridge 
cycling from forming and both metabolites are free 
to dissipate once blood flow is no longer occluded 
by muscular contractions and can freely flow out of 
the muscle (1).

Fatigue Post-Workout

Muscle Damage Induced Post-Workout Fatigue

Although muscle damage as a driver of hypertrophy 
is contentious (118) it is well documented that 
muscle damaging workouts such as heavy, 
sustained eccentric contractions (126) correlates 
with post-workout muscle soreness and leads to 
post-workout fatigue (5). Muscle damage is caused 
by calcium-ion accumulation and subsequent 
increase in calpain activity which degrade the 
structures of the cell (48). This process is similar 
to the process of ECCF discussed above. The use 

of eccentric contractions also opens up stretch 
-activated ion channels which allow for additional 
calcium-ion influx (90). Muscle damage creates a 
local and a systemic inflammatory response which 
is fundamental to the repair process leading to an 
increase in supra-spinal CNS fatigue due to afferent 
feedback. CNS and peripheral fatigue within a 
workout are highly transitory and will typically 
dissipate after 2-5 minutes with force restitution 
apparent (23). However, muscle damage can lead 
to supraspinal CNS fatigue that lasts for days and 
can have impacts on the following workouts if the 
muscle damage is severe enough; Prasartwuth et al, 
(2006) demonstrated that voluntary activation had 
still not recovered 8 days after muscle damaging 
eccentric work (104), with another study finding 
that it took 48 hours to recover from high-volume 
heavy resistance training in a study conducted on 
10 strength-trained male athletes (133).

Glycogen Depletion

There are strong correlations between glycogen 
availability and cardiovascular exercise 
performance, particularly during lengthy sessions 
at 60-80% maximal oxygen uptake (15, 61). Low 
glycogen availability is associated with impaired 
calcium-ion release and reuptake via the SR (91, 
97). This suggests calcium-ion related fatigue 
mechanisms (37, 38) which can induce muscle 
damage affecting glycogen repletion rates (27). 
In one particular study glycogen repletion rates 
were slowed for up to 10 days later after eccentric-
induced muscle damage (96). This suggests a 
means by which fatigue can potentially accumulate, 
not from metabolic-related mechanisms, rather 
impaired calcium-ion functioning during a muscular 
contraction.

DISCUSSION

The key considerations of skeletal muscle 
hypertrophy and the fatigue mechanisms that 
develop during resistance exercise and in the post-
workout period have been discussed in-depth in this 
article. The presence of substantial CNS fatigue, 
both supraspinal and spinal, will reduce motor unit 
recruitment, as measured by voluntary activation, 
therefore impacting our ability to recruit the highest 
threshold motor units. The presence of peripheral 
fatigue mechanisms can be attributed to both 
calcium-ion related fatigue and metabolite-related 
fatigue. These in turn reduce muscle fiber force 
and muscle fiber shortening velocity, respectively. 
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If metabolite-related fatigue is the predominant 
fatigue mechanism present during high levels of 
motor unit recruitment, this can be beneficial as 
this causes a slowing of muscle fiber shortening 
velocity. Therefore, supraspinal and calcium-ion 
related fatigue mechanisms appear to be where 
the most attention should be paid with regards to 
fatigue management.

Supraspinal fatigue affects motor unit recruitment. 
High motor unit recruitment is needed for activating 
the muscle fibers most responsive to grow in 
size (103). Afferent feedback reduces voluntary 
activation (122) and lifting light loads to task failure 
creates metabolite-induced afferent feedback with 
less motor unit recruitment compared to heavier 
loads (88). In addition, a study showed that light 
load unilateral training demonstrated post-workout 
fatigue still apparent 48 hours later in the trained leg, 
and 24 hours later in the non-trained leg, compared 
to recovery after 24 hours in the trained leg using 
moderate loads and no measurable fatigue in the 
non-trained leg (40).

A large aerobic demand, which may be observed 
during high repetition multi-joint compound 
movements such as back squats and deadlifts, 
produces afferent feedback via group III/IV muscle 
afferents via spinal motor neuron output restriction 
and subsequent voluntary activation reduction (3). 
This reduction in voluntary activation can be linked to 
earlier discussions regarding increased perception 
of effort due to afferent feedback affecting corollary 
discharge processing. This is supported by the 
observation that people disengage from a task 
after they cannot tolerate any more effort where 
physiological failure is not apparent (85, 29, 105, 
92).

After a bout of high-intensity exercise, central 
fatigue is recovered in ~2 minutes (23). Some 
evidence suggests longer rest periods (3 minutes 
per set) can be more hypertrophic than shorter 
rest periods (1 minute per set) in young resistance-
trained men (117). A separate study using the 
same rest periods demonstrated greater muscle 
damage markers, creatine kinase and increased 
inflammatory cell activity, in the 1 minute rest period 
compared to 3 minute rest period due to increased 
calcium-ion related fatigue and therefore increased 
post-workout supraspinal fatigue (120), which 
was the same outcome as a much earlier study 
using the same rest periods and muscle damage 
marker measurements (87). A study investigating 
lower repetition heavier loading with longer rest (3 

minutes) vs higher repetition shorter rest (1 minute) 
in resistance trained men (33 men, 5.7  2.2 years 
training experience) concluded the former group 
demonstrated greater improvements in hypertrophy 
and strength measures at study end (84). The use 
of less muscle mass for a task may also involve 
less CNS fatigue, i.e., unilateral variations (113). 
Supraspinal fatigue in a workout can therefore be 
appropriately managed by paying attention to rest 
period lengths and afferent feedback producing 
stimuli such as discomfort experienced when 
performing aerobically demanding exercises and 
light load/ higher repetition loading.

Calcium-ion related fatigue is particularly 
problematic as this reduces mechanical tension, 
a key driver of muscle fiber hypertrophy and can 
cause muscle damage which produces supraspinal 
CNS fatigue. Eccentric training and working at 
longer muscle lengths causes an increase in 
calcium-ion related fatigue due to the opening of 
stretch-activated ion channels (12). The following 
also leads to increased calcium ion-related fatigue: 
training closer to task failure due to the increased 
involvement of the more glycolytic fast-twitch fibers 
at higher motor unit recruitment levels measured by 
low frequency fatigue (109), the use of lighter loads 
over heavier loads due to longer muscle activation 
time (57) and the use of larger training volumes (24).

Session/ weekly resistance training volume, defined 
as the amount of sets taken to task failure, is a key 
consideration. A study of 8 trained men showed 
that MPS rates were elevated 210% above baseline 
after 3 sets to failure compared to 130% after 1 set 
to failure 5 hours after exercise cessation, with the 
3 sets groups still 130% above baseline 29 hours 
later (22). This suggests 3 sets is far superior to just 
1 set to failure for hypertrophic outcomes. A dose-
response relationship of volume for hypertrophic 
outcomes performed by Schoenfeld et al (2017) 
demonstrated that 3 sets per week produced 
substantial hypertrophy also, however to double 
the amount of hypertrophy achieved from this 
volume would require 18 sets per week (116). This 
suggests that a ‘unit of hypertrophy’ is not achieved 
with each subsequent set after the first and there 
are diminishing returns on the hypertrophic stimulus 
with each subsequent set in a workout. This provides 
valuable insight into effectively programming 
volume according to the individual’s needs versus 
arbitrarily applying volume.
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CONCLUSION

Fatigue development during a workout is 
inescapable and will be incurred to varying degrees, 
however the type and extent of this fatigue appears 
dependent on how resistance training programmes 
are written. Progressive overload is a key variable 
that is important in continued progression during 
resistance training (76), therefore programming in a 
manner that allows the continuation of progressive 
overload seems most reasonable.

The use of deload periods to try to manage fatigue 
accumulated in a resistance training programme 
are common (14). One study concluded that the 
addition of a 1 week deload period at the midpoint 
of a 9 week resistance training programme actually 
had negative outcomes with reference to lower 
body muscle strength and zero effect on lower body 
measures of hypertrophy, power, and local muscular 
endurance (26). MPS rates are elevated for ~24-48 
hours after a bout of resistance training with the 
newest adaptations being lost if no new stimulus 
is achieved to either maintain or increase muscle 
fiber size once this inflated MPS period ends. This 
has been clearly demonstrated in the maintenance 
training (16), detraining (68, 102) and atrophy 
(69) literature with evidence even suggesting that 
dietary protein intake alone does not have any 
measurable effect on myofibrillar protein synthesis 
rates in the absence of a mechanical tension 
stimulus (75) and muscle fascicle length increases 
alongside concomitant decreases in muscle 
fiber cross-sectional area have been observed 
in lengthed position limb immobilization studies 
(18, 73) If the purported use of deload periods is 
used to ameliorate accumulated fatigue, it could 
be suggested based on the deload, maintenance, 
detraining, and atrophy data that managing 
programme volume could be more beneficial than 
the use of planned deloads, if there appears to be 
no net benefit on hypertrophic outcomes by using 
deloads.
 
The topics discussed in this report are not binary; 
a hypertrophic stimulus can still be achieved in 
the presence of fatigue and incomplete recovery. 
However, to maximize the value gained from 
hypertrophic-focused workouts these applications 
can be taken into consideration. As training status 
advances and the pool of growable motor units 
shrink, these factors may prove most useful for 
continued progress. This review aims to bridge 
together the fatigue and muscle physiology as it 
pertains to hypertrophy. Future studies measuring 

hypertrophic outcomes from various training style 
interventions could benefit from the inclusion of 
fatigue physiology in order to paint a more specific 
picture of what is happening at the mechanistic 
level, and therefore how resistance training 
programmes can be better designed. Furthermore, 
more effort is needed in considering and discussing 
the fundamental principles of hypertrophic 
mechanisms such as the force-velocity relationship, 
length-tension relationship, and Henneman’s size 
principle as they relate to hypertrophy outcomes, 
as these principles are seldom discussed in the 
hypertrophic literature.

CONFLICTS OF INTEREST

There are no relationships to be mentioned as no 
beneficial endorsement is to be gained from this 
review.

FUNDING

This study received no specific funding in order to 
be completed.

ETHICAL APPROVAL

Not Applicable.

DATES OF REFERENCE

Submission - 30/05/2024
Acceptance - 24/05/2025
Publication - 22/08/2025

REFERENCES

1.	 Allen DG, Trajanovska S. The multiple roles of phosphate in 
muscle fatigue. Front Physiol 3: 463, 2012.

2.	 Alcazar J, Csapo R, Ara I, Alegre LM. On the Shape of the 
Force-Velocity Relationship in Skeletal Muscles: The Linear, 
the Hyperbolic, and the Double-Hyperbolic. Front. Physiol 
10: doi.org/10.3389/fphys.2019.00769, 2019.

3.	 Amann M, Wan HY, Thurston TS, Georgescu VP, Weevil JC. 
On the Influence of Group III/IV Muscle Afferent Feedback 
on Endurance Exercise Performance. Exerc sport Sci Rev 
48: 209-216, 2020.

4.	 Andrews MH, Pai AS, Gurchiek RD et al. Multiscale hamstring 
muscle adaptations following 9 weeks of eccentric training. 
J. Sports Sci 14: 100996, 2024.

5.	 Appell HJ, Soares JM, Duarte JA. Exercise, muscle damage 
and fatigue. Sports Med 13: 108-115, 1992.

6.	 Armstrong RB. Initial events in exercise-induced muscular 



9Copyright: © 2025 by the authors. Licensee IUSCA, London, UK. This article is an
open access article distributed under the terms and conditions of the

Creative Commons Attribution (CC BY) license (https:// creativecommons.org/licenses/by/ 4.0/).

International Journal of Strength and Conditioning. 2025 Cleary, B.

injury. Med Sci Sports Exerc 22: 429-435, 1990.
7.	 Aronson D, Violan MA, Dufresne SD et al. Exercise 

stimulates the mitogen-activated protein kinase pathway in 
human skeletal muscle. J Clin Invest 99: 1251-1257, 1997.

8.	 Baar K, Esser K. Phosphorylation of p70(S6k) correlates 
with increased skeletal muscle mass following resistance 
exercise. Am J Physiol 276: 120-127, 1999. 

9.	 Balachandran AT, Evans WJ, Cawthon PM et al. Comparing 
D3-Creatine Dilution and Dual-Energy X-ray Absorptiometry 
Muscle Mass Responses to Strength Training in Low-
Functioning Older Adults. J Gerontol A Biol Sci Med Sci 
78(9): 1591-1596, 2023.

10.	 Balagopal P, Ljungqvist O, Nair, KS. Skeletal muscle 
myosin heavy-chain synthesis rate in healthy humans. Am J 
of Physiol 272: 45-50, 1997.

11.	 Balog EM. Excitation-Contraction Coupling and Minor 
Triadic Proteins in Low-Frequency Fatigue. Exerc Sport Sci 
Rev 38: 135-142, 2010.

12.	 Baroni BM, Pompermayer MG, Cini A et al. Full Range 
of Motion Induces Greater Muscle Damage Than Partial 
Range of Motion in Elbow Flexion Exercise With Free 
Weights. J Strength Cond Res 31: 2223-2230, 2017.

13.	 Behrens M, Gube M, Chaabene H et al. Fatigue and Human 
Performance: An Updated Framework. Sports Med 53(1): 
7-31, 2022. 14.

14.	 Bell L, Strafford BW, Coleman M et al. Integrating Deloading 
into Strength and Physique Sports Training Programmes: 
An International Delphi Consensus Approach. Sports Med 
Open 9:87 10.1186/s40798-023-00633-0, 2023.

15.	 Bergstrom J, Hermansen L, Hultman E, Saltim B. Diet, 
muscle glycogen and physical performance. Acta Physiol 
Scand 71: 140-150, 1967.

16.	 Bickel CS, Cross JM, Bammam MM. Exercise dosing to 
retain resistance training adaptation in young and older 
adults. Med Sci Sports Exerc 43(7): 1177-87, 2011.

17.	 Bigliassi M. Corollary discharges and fatigue-related 
symptoms: the role of attentional focus. Front Psychol 6: 
1002, 2015.

18.	 Blazevich AJ. Effects of physical training and detraining, 
immobilisation, growth and aging on human fascicle 
geometry. Sports Med 36(12): 1003-17, 2006.

19.	 Brook MS, Wilkinson DJ, Mitchell WK, et al. Skeletal 
muscle hypertrophy adaptations predominate in the early 
stages of resistance exercise training, matching deuterium 
oxide-derived measures of muscle protein synthesis and 
mechanistic target of rapamycin complex 1 signaling. The 
FASEB J 29: 4485–4496, 2015.

20.	 Brownstein CG, Esprit L, Royer N. Reductions in motor 
neuron excitability during sustained isometric contractions 
are dependent on stimulus and contraction intensity. J. 
Neurophysiol 125(5): 1636-1646, 2021.

21.	 Brughelli M, Cronin J. Altering the length-tension relationship 
with eccentric exercise : implications for performance and 
injury. Sports Med 37: 807-826, 2007.

22.	 Burd NA, Holwerda AM, Selby KC et al. Resistance 
exercise volume affects myofibrillar protein synthesis and 
anabolic signaling molecule phosphorylation in young men. 
J Physiol 15: 3119-3130, 2010.

23.	 Caroll TJ, Taylor JL, Gandevia SC. Recovery of central and 
peripheral neuromuscular fatigue after exercise. J Appl 
Physiol 122: 1068-1076, 2017.

24.	 Chin ER, Balnave CD, Allen DG. Role of intracellular calcium 
and metabolites in low-frequency fatigue of mouse skeletal 
muscle. Am J Physiol 272: 550-559, 1997.

25.	 Churchward-Venne TA, Burd NA, Phillips SM. Nutritional 
regulation of muscle protein synthesis with resistance 
exercise: strategies to enhance anabolism. Nutr Metab 

(Lond) 9: 2012.
26.	 Coleman M, Burke R, Augustin F et al. Gaining more from 

doing less? The effects of a one-week deload period during 
supervised resistance training on muscular adaptations. 
Peer J 12:e16777 10.7717/peerj.16777, 2024.

27.	 Costill DL, Pascoe DD, Fink WJ et al. Impaired muscle 
glycogen resynthesis after eccentric exercise. J Appl 
Physiol 1985: 69: 46-50, 1985.

28.	 Crenshaw AG, Thornell LE, Friden J. Intramuscular pressure, 
torque and swelling for the exercise-induced sore vastus 
lateralis muscle. Acta Physiologica Scandinavica 152(3), 
265-277, 1994.

29.	 Crewe H, Tucker R, Noakes TD. The rate of increase in rating 
of perceived exertion predicts the duration of exercise to 
fatigue at a fixed power output in different environmental 
conditions. Eur J Appl Physiol 103: 569-577, 2008.

30.	 Damas F, Nosaka K, Libardi CA, Chen TC, Ugrinowitsch 
C. Susceptibility to Exercise-Induced Muscle Damage: a 
Cluster Analysis with a Large Sample. Int J Sports Med. 
37(8):633–40. https://doi.org/10.1055/s-0042-100281 138, 
2016.

31.	 Damas F, Phillips SM, Libardi CA, et al. Resistance training-
induced changes in integrated myofibrillar protein synthesis 
are related to hypertrophy only after attenuation of muscle 
damage. The Journal of Physiology 594: 5209–5222, 2016.

32.	 De Moor HM, Klein C, Marcora SM. Perception of effort 
reflects central motor command during movement 
execution. Psychophysiology 49: 1242-1253, 2012.

33.	 Debattisti V, Horn A, Singh R, et al.Dysregulation of 
Mitochondrial Ca2+ Uptake and Sarcolemma Repair 
Underlie Muscle Weakness and Wasting in Patients and 
Mice Lacking MICU1. Cell Rep 29: 1274-1288, 2020.

34.	 Duchateau J, Baudry S. Insights into the neural control of 
eccentric contractions. J. Appl. Physiol 116: 1418-1425, 
2014.

35.	 Duchateau J, Semmler JG, Enoka RM. Training adaptations 
in the behavior of human motor units. J Appl Physiol (1985) 
101: 1766-1775, 2006.

36.	 Duchen MR. Mitochondria and calcium: from cell signalling 
to cell death. J Physiol 529: 57-68, 2000.

37.	 Duhamel TA, Green HJ, Perco JG, Ouyang J. Comparative 
effects of a low-carbohydrate diet and exercise plus a 
low-carbohydrate diet on muscle sarcoplasmic reticulum 
responses in males. Am J Physiol Cell Physiol 291: 607-
617, 2006.

38.	 Duhamel TA, Green HJ, Perco JG, Ouyang J. Effects 
of prior exercise and a low-carbohydrate diet on muscle 
sarcoplasmic reticulum function during cycling in women. J 
Appl Physiol (1985) 101: 695-706, 2006.

39.	 Enoka RM, Fuglevand AJ. Motor unit physiology: some 
unresolved issues. Muscle & Nerve 24: 4-17, 2001.

40.	 Farrow J, Steele J, Behm DG, Skivington M, Fisher JP. 
Lighter-Load Exercise Produces Greater Acute- and 
Prolonged-Fatigue in Exercised and Non-Exercised Limbs. 
Res Q Exerc Sport 92: 369-379, 2021.

41.	 Fitts RH. Cellular mechanisms of muscle fatigue. Physiol 
Rev 74: 49-94, 1994.

42.	 Foley JM, Jayaraman RC, Prior BM et al. MR measurements 
of muscle damage and adaptation after eccentric exercise. 
J. Appl. Physiol 87(6): 2311-2318, 1999.

43.	 Franchi MV, Longo S, Mallinson J et al. Muscle Thickness 
correlates to muscle cross-sectional area in the assessment 
of strength training-induced hypertrophy. Scand J Med Sci 
Sports 28(3): 846-853, 2017.

44.	 Francis-Pester FW, Thomas R, Sforzin et al. The moment 
arms and leverage of the human finger muscles. J. Biomech 
116: 110180, doi.org/10.1016/j.jbiomech.2020.110180, 



International Journal of Strength and Conditioning. 2025
Fatigue Mechanisms and their Implications in Hypertrophy: A 

Review

10Copyright: © 2025 by the authors. Licensee IUSCA, London, UK. This article is an
open access article distributed under the terms and conditions of the

Creative Commons Attribution (CC BY) license (https:// creativecommons.org/licenses/by/ 4.0/).

2021.
45.	 Frost D, Cronin J, Newton R. A biomechanical evaluation of 

resistance: fundamental concepts for training and sports 
performance. Sports Med 40: 303-326, 2010.

46.	 Gandevia SC, Allen GM, Butler JE, Taylor JL. Supraspinal 
factors in human muscle fatigue: evidence for suboptimal 
output from the motor cortex. J Physiol 490: 529-536, 1996.

47.	 Gandevia SC. Spinal and supraspinal factors in human 
muscle fatigue. Physiol Rev 81: 1725-1789, 2001.

48.	 Gissel H, Clausen T. Excitation-induced Ca2+ influx and 
skeletal muscle cell damage. Acta Physiol Scand 171: 327-
334, 2001.

49.	 Gissel H. The role of Ca2+ in muscle cell damage. Ann N Y 
Acad Sci 1066: 166-80, 2005.

50.	 Goldberg AL, Etlinger JD, Goldspink DF, Jablecki C. 
Mechanism of work-induced hypertrophy of skeletal 
muscle. Med Sci Sports 7: 185-198, 1975.

51.	 Goldspink G. Gene expression in skeletal muscle. Biochem 
Soc Trans 30: 285-290, 2002.

52.	 Gomes AV, Potter JD, Szczesna-Cordary D.The role of 
troponins in muscle contraction. IUBMB Life 54: 323-333, 
2002.

53.	 Gordon AM, Huxley AF, Julian FJ. The variation in isometric 
tension with sarcomere length in vertebrate muscle fibres. 
J Physiol 184: 170-192, 1966.

54.	 Goto K, Ishii N, Kizuka T, et al. Hormonal and metabolic 
responses to slow movement resistance exercise with 
different durations of concentric and eccentric actions. Eur 
J Appl Physiol 106: 731-739, 2009.

55.	 Grgic J. The Effects of Low-Load Vs. High-Load Resistance 
Training on Muscle Fiber Hypertrophy: A Meta-Analysis. J 
Hum Kinet 74: 51-58, 2020.

56.	 Grgic J, Schoenfeld BJ, Orazem J, Sabol F. Effects of 
resistance training performed to repetition failure or non-
failure on muscular strength and hypertrophy: A systematic 
review and meta-analysis. J Sport Health Sci 11: 202-211, 
2022.

57.	 Griffin L, Anderson NC. Fatigue in high- versus low-force 
voluntary and evoked contractions. Exp Brain Res 187: 
387-394, 2008.

58.	 Henneman E, Somjen G, Carpenter DO. FUNCTIONAL 
SIGNIFICANCE OF CELL SIZE IN SPINAL MOTONEURONS. 
J Neurophysiol 28: 560-58, 1965.

59.	 Henneman E. Relation between size of neurons and their 
susceptibility to discharge. Science 126: 1345-1347, 1957.

60.	 Herbert RD, Gandevia SC. Twitch Interpolation in Human 
Muscles: Mechanisms and Implications for Measurement of 
Voluntary Activation. J. Neurophysiol 82(5): doi.org/10.1152/
jn.1999.82.5.2271, 1999.

61.	 Hermansen L, Hultman E, Saltim B. Muscle glycogen 
during prolonged severe exercise. Acta Physiol Scand 71: 
129-139, 1967.

62.	 Hinks A, Franchi MV, Power GA. The influence of longitudinal 
muscle fascicle growth on mechanical function. J Appl 
Physiol (1985) 133: 87-103, 2022.

63.	 Hornberger, TA and Chien, S. Mechanical stimuli and 
nutrients regulate rapamycin-sensitive signaling through 
distinct mechanisms in skeletal muscle. J Cell Biochem 97: 
1207-1216, 2006.

64.	 Howell JN, Chleboun G, Conatser R. Muscle stiffness, 
strength loss, swelling and soreness following exercise-
induced injury in humans. Physiol. J. 464(1): 183-196, 1993.

65.	 Hudson AL, Gandevia SC, Butler JE. A Principle of 
Neuromechanical Matching for Motor Unit Recruitment in 
Human Movement. Exerc Sport Sci Rev 47: 157-168, 2019.

66.	 Huxley AF. Muscle structure and theories of contraction. 
Prog Biophys Biophys Chem 7: 255-318, 1957. 

67.	 Hyldahl RD, Chen TC, Nosaka K. Mechanisms and 
Mediators of the Skeletal Muscle Repeated Bout Effect. 
ESSR 45(1): 24-33, 2017.

68.	 Inoue M, Kubota A, Takazawa Y et al. 5’-UMP inhibited 
muscle atrophy due to detraining: a randomized, double-
blinded, placebo-controlled, parallel-group comparative 
study. Front. Spots Act. Living 6, 1403215, 2024.

69.	 Jameson TSO, Kilroe SP, Fulford J et al. Muscle damaging 
eccentric exercise attenuates disuse-induced declines in 
daily myofibrillar protein synthesis and transiently prevents 
muscle atrophy in healthy men. Am J Physiol Endocrinol 
Metab 321(5): E674-688, 2021.

70.	 Jorgensen KW, Phillips SM, Hornberger TA. Identifying the 
Structural Adaptations that Drive the Mechanical Load-
Induced Growth of Skeletal Muscle: A Scoping Review. 
Cells 9:1658, 2020.

71.	 Jouaville LS, Pinton P, Bastianutto C et al. Regulation of 
mitochondrial ATP synthesis by calcium: evidence for a 
long term metabolic priming. Proc. Natl. Acad. Sci. USA 96: 
13807–13812, 1999.

72.	 Kano Y, Sonobe T, Inagaki T, Sudo M, Poole DC. 
Mechanisms of exercise-induced muscle damage and 
fatigue: Intracellular calcium accumulation. J Phys Fitness 
Sport Med 1: 505-512, 2012.

73.	 Kawakami Y, Muraoka Y, Kubo K et al. Changes in muscle 
size and architecture following 20 days of bed rest. J Gravit 
Physiol 7(3): 53-9, 2000.

74.	 Keyser RE. Peripheral fatigue: high-energy phosphates 
and hydrogen ions. PM R 2: 347-358, 2010.

75.	 Kilroe SP, Fulford J, Jackman S et al. Dietary protein intake 
does not modulate daily myofibrillar protein synthesis rates 
or loss of muscle mass and function during short-term 
immobilization in young men: a randomized controlled trial. 
Am J Clin Nutr 113(3): 5380561, 2021.

76.	 Kraemer WJ, Adams K, Cafarelli E et al. American College 
of Sports Medicine position stand. Progression models in 
resistance training for healthy adults. Med Sci Sports Exerc 
34(2): 364-80, 2002.

77.	 Kuhner S, Fischer S. Structural mechanism of the ATP-
induced dissociation of rigor myosin from actin. Proc Natl 
Acad Sci U S A 108: 7793-7798, 2011.

78.	 Kumar V, Atherton P, Smith K, Rennie MJ: Human muscle 
protein synthesis and breakdown during and after exercise. 
J Appl Physiol 106: 2026-2039, 2009.

79.	 Kuo IY, Ehrlich BE. Signaling in Muscle Contraction. Cold 
Spring Harb Perspect Biol 7: a006023, 2015.

80.	 Lamboley CR, Murphy RM, McKenna MJ, Lamb GD. 
Sarcoplasmic reticulum Ca2+ uptake and leak properties, 
and SERCA isoform expression, in type I and type II fibres 
of human skeletal muscle. J Physiol 592: 1381-1395, 2014.

81.	 Lasevicius T, Ugrinowitsch C, Schoenfeld BJ et al. Effects 
of different intensities of resistance training with equated 
volume load on muscle strength and hypertrophy. Eur J 
Sport Sci 18: 772-780, 2018.

82.	 Liegnell R, Apro W, Danielsson S, et al. Elevated plasma 
lactate levels via exogenous lactate infusion do not alter 
resistance exercise-induced signaling or protein synthesis 
in human skeletal muscle. Am J Physiol Endocrinol Metab 
319: 792-804, 2020.

83.	 Liu X, Zeng Z, Zhao L, Xiao W, Chen P. Changes in 
inflammatory and oxidative stress factors and the protein 
synthesis pathway in injured skeletal muscle after contusion. 
Exp Ther Med 15: 2196-2202, 2018.

84.	 Mangine GT, Hoffman JR, Gonzalez AM et al. The effect of 
training volume and intensity on improvements in muscular 
strength and size in resistance-trained men. Physiol Rep 
3(8):e12472. doi: 10.14814/phy2.12472, 2015.



11Copyright: © 2025 by the authors. Licensee IUSCA, London, UK. This article is an
open access article distributed under the terms and conditions of the

Creative Commons Attribution (CC BY) license (https:// creativecommons.org/licenses/by/ 4.0/).

International Journal of Strength and Conditioning. 2025 Cleary, B.

85.	 Marcora S, Staiano W. The limit to exercise tolerance in 
humans: mind over muscle? Eur J Appl Physiol 109: 763 
-770, 2010.

86.	 Marcora S. Chapter 2 - Psychobiology of fatigue during 
endurance exercise. In: Endurance Performance In Sport. 
C Meijen, eds. pp. 12-32, 2019.

87.	 Mayhew DL, Thyfault JP, Koch AJ. Rest-interval length 
affects leukocyte levels during heavy resistance exercise. 
J Strength Cond Res 19: 16-22, 2005.

88.	 Muddle TWD, Colquhoun RJ, Magrini MA et al. Effects of 
fatiguing, submaximal high‐ versus low‐torque isometric 
exercise on motor unit recruitment and firing behavior. 
Physiol Rep 6, e13675, 2018.

89.	 N  meth G, Ohls  n H .In vivo moment arm length for hip 
extensor muscles at different angles of hip flexion. J 
Biomech 18: 129-140, 1985.

90.	 Newham DJ, Mills KR, Quigley BM, Edwards RH. Pain and 
fatigue after concentric and eccentric muscle contractions. 
Clin Sci (Lond) 64: 55-62, 1983.

91.	 Nielsen J, Schroder HD, Rix CG,   rtenblad N. Distinct 
effects of subcellular glycogen localization on tetanic 
relaxation time and endurance in mechanically skinned rat 
skeletal muscle fibres. J Physiol 587: 3679-3690, 2009.

92.	 Noakes TD. Linear relationship between the perception 
of effort and the duration of constant load exercise that 
remains. J Appl Physiol 96: 1571-1572, 2004. 

93.	 Nosaka K, Clarkson PM. Changes in indicators of 
inflammation after eccentric exercise of the elbow 
flexors. Med Sci Sports Exerc. 28(8):953–61. https://doi.
org/10.1097/00005768-199608000-00003, 1996. 

94.	 Nosaka K, Sakamoto K. Effect of elbow joint angle on the 
magnitude of muscle damage to the elbow flexors. Med Sci 
Sports Exerc. 33(1):22–9. https://doi.org/10.1097/00005768-
200101000-00005 139, 2001.

95.	 Nyakayiru J, Fuchs CS, Trommelen J et al. Blood Flow 
Restriction Only Increases Myofibrillar Protein Synthesis 
with Exercise. Med Sci Sports Exerc 51: 1137-1145, 2019.

96.	 O’Reilly KP, Warhol MJ, Fielding RA et al. Eccentric 
exercise-induced muscle damage impairs muscle glycogen 
repletion. J Appl Physiol 63: 252-256, 1985.

97.	 Ortenblad N, Nielsen J, Saltin B, Holmberg HC. Role of 
glycogen availability in sarcoplasmic reticulum Ca2+ 
kinetics in human skeletal muscle. J Physiol 589: 711-725, 
2011.

98.	 Pareja-Blanco F, Alcazar J, S  nchez-Valdepe  as J et 
al. Velocity Loss as a Critical Variable Determining the 
Adaptation to Strength Training. Med Sci Sports Exerc 
52(8): 1752-1762, 2020.

99.	 Pareja-Blanco F, Rodriguez-Rosell D, S  nchez-Medina 
L, et al. Effects of Velocity loss during resistance training 
on athletic performance, strength gains, and muscle 
adaptations. Scand J Med Sci Sports 27(7): 724-735, 2017.

100.	Pette D, Staron RS.Transitions of muscle fiber phenotypic 
profiles. Histochem Cell Biol 115:359–372, 2001.

101.	Piazzesi G, Reconditi M, Linari M et al. Skeletal muscle 
performance determined by modulation of number of 
myosin motors rather than motor force or stroke size. Cell 
131: 784-795, 2007.

102.	Pollard CW, Opar DA, Williams MD et al. Razor hamstring curl 
and Nordic hamstring exercise architectural adaptations: 
Impact of exercise selection and intensity. Scand J Med Sci 
Sports 29(5): 705-715, 2019.

103.	Pope ZK, Hester GM, Benik FM, DeFreitas JM. Action 
potential amplitude as a noninvasive indicator of motor unit-
specific hypertrophy. J Neurophysiol 115: 260-2614, 2016.

104.	Prasartwuth O, Allen TJ, Butler JE, Gandevia SC, Taylor 
JL. Length-dependent changes in voluntary activation, 

maximum voluntary torque and twitch responses after 
eccentric damage in humans. J Physiol 571: 243-252, 2006.

105.	Presland JD, Dowson MN, Cairns SP. Changes of motor 
drive, cortical arousal and perceived exertion following 
prolonged cycling to exhaustion. Eur J Appl Physiol 95: 42-
51, 2005.

106.	Proschinger S, Freese J. Neuroimmunological and 
neuroenergetic aspects in exercise-induced fatigue. Exerc 
Immunol Rev 25: 8-19, 2019.

107.	Rehorn MR, Schroer AK, Blemker SS. The passive properties 
of muscle fibers are velocity dependent. J. Biomech 47: 
687-693, 2014.

108.	Reidy PT, Borack MS., Markofski, MM, et al. Post-absorptive 
muscle protein turnover affects resistance training 
hypertrophy. Eu J of ApplPhysiol 117: 853–866, 2017.

109.	Rijkelijkhuizen JM, De Ruiter CJ, Huijing JA, De Haan A. Low-
frequency fatigue is fibre type related and most pronounced 
after eccentric activity in rat medial gastrocnemius muscle. 
Pflugers Arch 447: 239-246, 2003.

110.	Robbins D. Chapter 7 - Muscle Biomechanics. In. Human 
Orthopedic Biomechanics: Fundamentals, Devices and 
Applications. B. Innocenti and F. Galbusera, eds, pp. 121-
135, 2022.

111.	Rockenfeller R, Günther M, Hooper SL. Muscle active force-
length curve explained by an electrophysical model of 
interfilament spacing. Biophys J. 121(10):1823-1855, 2022.

112.	Rodenburg JB, De Boer RW, Schiereck P et al. Changes 
in phosphorous compounds and water content in skeletal 
muscle due to eccentric exercise. Eur. J. Appl. Physiol, 68: 
205-213, 1994.

113.	Rossman MJ, Garten RS, Venturello M, Amann M, 
Richardson RS. The role of active muscle mass in 
determining the magnitude of peripheral fatigue during 
dynamic exercise. Am J Physiol Regul Integr Comp Physiol 
306: 934-940, 2014.

114.	Ruiter CJ, Goudsmit JFA, Van Tricht JA, Haan A. 
The isometric torque at which knee-extensor muscle 
reoxygenation stops. Med Sci Sports Exerc 39: 443-453, 
2007.

115.	Schoenfeld BJ, Grgic J, Ogborn D, Krieger JW. Strength 
and Hypertrophy Adaptations Between Low- vs. High-
Load Resistance Training: A Systematic Review and Meta-
analysis. J Strength Cond Res 31: 3508–23, 2017.

116.	Schoenfeld BJ, Ogborn D, Krieger JW. Dose-response 
relationship between weekly resistance training volume 
and increases in muscle mass: A systematic review and 
meta-analysis. J Sports Sci 35: 1073-1082, 2017.

117.	Schoenfeld BJ, Pope ZK, Benik FM et al. Longer Interset 
Rest Periods Enhance Muscle Strength and Hypertrophy 
in Resistance-Trained Men. J Strength Cond Res 30: 1805-
1812, 2016.

118.	Schoenfeld BJ. Does exercise-induced muscle damage 
play a role in skeletal muscle hypertrophy? J Strength Cond 
Res 26: 1441-1453, 2012.

119.	Schoenfeld BJ. The Mechanisms of Muscle Hypertrophy 
and Their Application to Resistance Training. J Strength 
Cond Res 24: 2857-2872, 2010.

120.	Senna GW, Dantas EHM, Scudese E et al. Higher Muscle 
Damage Triggered by Shorter Inter-Set Rest Periods in 
Volume-Equated Resistance Exercise. Front Physiol 225: 
827847, 2022.

121.	Shishmarev D. Excitation-contraction coupling in skeletal 
muscle: recent progress and unanswered questions. 
Biophys Rev 12: 143-153, 2020.

122.	Sidhu SK, Weavil JC, Thurston TS et al. Fatigue-related 
group III/IV muscle afferent feedback facilitates intracortical 
inhibition during locomotor exercise. J Physiol 596: 4789-

https://doi.org/10.1097/00005768-199608000-00003
https://doi.org/10.1097/00005768-199608000-00003
https://doi.org/10.1097/00005768-200101000-00005
https://doi.org/10.1097/00005768-200101000-00005


International Journal of Strength and Conditioning. 2025
Fatigue Mechanisms and their Implications in Hypertrophy: A 

Review

12Copyright: © 2025 by the authors. Licensee IUSCA, London, UK. This article is an
open access article distributed under the terms and conditions of the

Creative Commons Attribution (CC BY) license (https:// creativecommons.org/licenses/by/ 4.0/).

4801, 2018.
123.	Sieljacks P, Wang J, Groennebaek T et al. Six Weeks of 

Low-Load Blood Flow Restricted and High-Load Resistance 
Exercise Training Produce Similar Increases in Cumulative 
Myofibrillar Protein Synthesis and Ribosomal Biogenesis in 
Healthy Males. Front Physiol 10: 649, 2019.

124.	Smith RW, Ortega DG, Arnett JE et al. The effects of 
sustained, low- and high-intensity isometric tasks on 
performance fatigability and the perceived responses that 
contributed to task termination. Eur J Appl Physiol 124: 
1587-1599, 2024.

125.	Son J, Indresano A, Sheppard K, Ward SR, Lieber RL. 
Intraoperative and biomechanical studies of human vastus 
lateralis and vastus medialis sarcomere length operating 
range. J Biomech 67: 91-97, 2018.

126.	Souron R, Nosaka K, Jubeua M. Changes in central and 
peripheral neuromuscular fatigue indices after concentric 
versus eccentric contractions of the knee extensors. Eur J 
Appl Physiol 118: 805-816, 2018.

127.	Squire JM. Muscle contraction: Sliding filament history, 
sarcomere dynamics and the two Huxleys. Glob Cardiol Sci 
Pract 2:e201611, 2016.

128.	Stasinaki AN, Zaras N, Methenitis S et al. Triceps Brachii 
Muscle Strength and Architectural Adaptations with 
Resistance Training Exercises at Short or Long Fascicle 
Length. J Funct Morphol Kinesiol 3: 28, 2018.

129.	Takekura H, Fujinami N, Nishizawa T, Ogasawara, H, 
Kasuga N. Eccentric exercise-induced morphological 
changes in the membrane systems involved in excitation–
contraction coupling in rat skeletal muscle. J Physiol 533: 
571-583, 2001.

130.	Taylor JL, Todd G, Gandevia SC. Evidence for a supraspinal 
contribution to human muscle fatigue. Clin Exp Pharmacol 
Physiol 33: 400-405, 2006.

131.	Teka WW, Hamade KC, Barnett WH et al. From the motor 
cortex to the movement and back again. PLoS One 12: 
e0179288, 2017.

132.	Tesch PA. Skeletal muscle adaptations consequent to long-
term heavy resistance exercise. Med Sci Sports Exerc 20(5 
Suppl):S132-4, 1988.

133.	Thomas K, Brownstein CG, Dent J et al. Neuromuscular 
Fatigue and Recovery after Heavy Resistance, Jump, and 
Sprint Training. Med Sci Sports Exerc 50: 2526-2535, 2018.

134.	Torneo-Aguilera JF, Jimenez-Morcillo J, Rubio-Zarapuz 
A, Clemente-Suarez VJ. Central and Peripheral Fatigue 
in Physical Exercise Explained: A Narrative Review. Int J 
Environ Res Public Health 19: 3909, 2022.

135.	Uchiyama S, Tsukamoto H, Yoshimura S, Tamaki T. 
Relationship between oxidative stress in muscle tissue and 
weight-lifting-induced muscle damage. Pflugers Arch 452: 
109-116, 2006.

136.	Valamatos MJ, Tavares F, Santos RM, Veloso AP, Mill-
Homens P. Influence of full range of motion vs. equalized 
partial range of motion training on muscle architecture and 
mechanical properties. Eur J Appl Physiol 118: 1969-1983, 
2018.

137.	Van Wessel T, De Haan A, Van Der Laarse WJ, Jaspers 
RT. The muscle fiber type–fiber size paradox: hypertrophy 
or oxidative metabolism? Eur J Appl Physiol 110: 665-694, 
2010.

138.	Vandenburgh, HH. Motion into mass: How does tension 
stimulate muscle growth? Med Sci Sport Exerc 19(5 Suppl.): 
S142-S149, 1987.

139.	Vargas NT, Marino F. A neuroinflammatory model for acute 
fatigue during exercise. Sports Med 44: 1479-1487, 2014.

140.	Vecchio AD, Negro F, Falla D et al. Higher muscle fiber 
conduction velocity and early rate of torque development 

in chronically strength-trained individuals. J Appl Physiol 
(1985) 125: 1218-1226, 2018.

141.	West DWD, Burd NA, Staples AW, Phillips SM. Human 
exercise-mediated skeletal muscle hypertrophy is an 
intrinsic process. Int J Biochem Cell Biol 42(9):1371-5, 
2019.

142.	Westerblad H, Bruton JD, Lannergren J. The effect of 
intracellular pH on contractile function of intact, single fibres 
of mouse muscle declines with increasing temperature. J 
Physiol 500: 193-204, 1997.

143.	Westerblad H, Dahlstedt AJ, L  nnergren J. Mechanisms 
underlying reduced maximum shortening velocity during 
fatigue of intact, single fibres of mouse muscle. J Physiol 
510(Pt 1):269-277, 1998.

144.	Witard OC, Bannock L, Tipton KD. Making Sense of Muscle 
Protein Synthesis: A Focus on Muscle Growth During 
Resistance Training. Int J Sport Nutr Exerc Metab 32: 49-
61, 2022.

145.	Worthington CR. Conceptual Model for the Force-Velocity 
Relation of Muscle (Hill’s Equation). Nature 193: 1283-1284, 
1962.

146.	Yoshikawa M, Morifuji T, Matsumoto T et al. Effects of 
combined treatment with blood flow restriction and low-
current electrical stimulation on muscle hypertrophy in rats. 
J Appl Physiol 127: 1288-1296, 2019.

147.	Yamaguchi GT, Zacaj FE. A planar model of the knee joint 
to characterize the knee extensor mechanism. J Biomech 
22: 1-10, 1989


	ABSTRACT
	Keywords:

	INTRODUCTION
	Defining Muscle Fiber Hypertrophy
	Defining Fatigue
	Defining Joint Torque and Internal Moment Arm
	Key Hypertrophy Considerations
	Mechanical Tension
	The Force-Velocity Relationship
	Length-Tension Relationship


	FATIGUE MECHANISMS DURING A MUSCULAR CONTRACTION
	Central Nervous System Fatigue Mechanisms
	Supraspinal Fatigue
	Spinal Fatigue
	Peripheral Fatigue Mechanisms

	Fatigue Post-Workout
	Muscle Damage Induced Post-Workout Fatigue
	Glycogen Depletion


	DISCUSSION
	CONCLUSION
	CONFLICTS OF INTEREST
	FUNDING
	ETHICAL APPROVAL
	DATES OF REFERENCE
	REFERENCES

