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Abstract 

 
Introduction: Acute enhancements of muscle contractile properties and performance subsequent to a 
maximal or near maximal conditioning contraction are often termed post activation potentiation 
(PAP). Although still controversial, PAP is commonly linked to enhancements in the myosin 
regulatory light chain phosphorylation, leading to improvements in the excitation–contraction 
coupling. The PAP seen after a conditioning task often coexists with fatigue and is known to depend 
on strength level, muscle fiber type and age. Less is known about how factors such as static and 
dynamic changes in muscle length affect PAP, and on the relative contribution of contractile and 
tensile components to PAP.  
 
Aim: To enhance our understanding of how, and under what conditions, a single maximal isometric 
contraction affects plantar flexor muscle contractile performance, and other muscle tendon properties, 
in power athletes.  
 
Methods: Supramaximal twitches were evoked via electrical stimulation of the tibial nerve of athletes 
before and on several occasions after a 6-second maximal voluntary isometric contraction (6-s MVIC) 
in both static muscle, and during passive muscle lengthening and shorting at different angular 
velocities. Several contractile variables were measured from the twitches. The effects of a 6-s MVIC 
on Achilles tendon stiffness was calculated from torque and ultrasonography based measurements of 
tendon length at two submaximal contraction intensities. Overall stiffness index was calculated by 
analyzing the passive lengthening torque/angle curve. 
 
Results: A single MVIC enhanced muscle contractile properties and electromechanical delay for up to 
5 minutes. Plantar flexor twitch variables such as peak twitch, rate of torque development and rate of 
torque relaxation were enhanced during shortening compared to lengthening muscle actions, and in an 
extended as compared to a flexed knee position. Achilles tendon stiffness and overall stiffness index 
were not significantly modulated by a single 6-s MVIC.  
 
Conclusion: The results of this thesis imply that functional enhancements from a 6-s conditioning 
MVIC would mainly come from improvements in contractile rather than tensile components. Stiffness 
changes should be monitored in future PAP-related studies since they may still occur after more 
extensive conditioning protocols than the current one. Improvements in contractile components 
subserving muscle strength after a conditioning MVIC suggests that enhancements in muscle power 
after a conditioning task should be greatest in fast concentric muscle actions, though still present in 
muscle lengthening. Conditioning should be performed in a position where full activation is easy to 
achieve and tailored to mach an athlete or group of athlete’s current status and characteristics, 
maximizing performance in a specific sport event. 
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Abbreviations 

ANOVA  Analysis of variance 
ADP Adenosine diphosphate 
ATP Adenosine triphosphate 
ATPase Adenosine triphosphatase 
ATL Achilles tendon length 
ATS Achilles tendon stiffness 
ATS30% Achilles tendon stiffness at 30% of maximal voluntary 

isometric contraction 
ATS50% Achilles tendon stiffness at 50% of maximal voluntary 

isometric contraction 
CC Conditioning contraction 
CT Control trials 
Ca2+ Free calcium 
[Ca2+] Calcium concentration 
E-C Excitation-Contraction 
EMD Electromechanical delay 
EMGrms Root mean square of the electromyographic signal 
Fig 
Fapp 

 
Gapp 

Figure 
Rate constant for cross-bridge transition from a non-force 
production state to a force production state 
Rate constant for cross-bridge transition from a force 
production state to a non-force production state 

H+ Hydrogen ions 
Hz Hertz 
HRT Half relaxation time 
ICC2,k 
Krt 

Intraclass correlation coefficients  
Cross-bridge rate of force redevelopment 

K+ Potassium 
MG Medial Gastrocnemius 
MHz 
MTJ 

Mega hertz 
Myotendinous junction 

MTU Muscle-tendon unit 
M-wave Compound muscle action potential 
MLC Myosin regulatory light chain 
MLCK Myosin light chain kinase 
MLCP Myosin light chain  phosphatase 
MVIC Maximal voluntary isometric contraction 
Na+ Sodium 
N.m Newton meter 
N.m/mm Newton meter per millimeter 
PT Peak torque 
PAP 
PSI 

Post activation Potentiation 
Passive stiffness index 
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pH Numeric scale representing acidity or alkalinity of a solution  
Pi Inorganic phosphate 
RF Rectus femoris 
RMS EMG Root mean square 
RT10-90 Rising time 
RTD Rate of torque development 
RTR Rate of torque relaxation 
S 
SEC 
sEMG 
SR 

Seconds 
Series of elastic components 
Surface electromyography  
Sarcoplasmic reticulum 

SOL Soleus 
TTP Time to peak 
TA Tibialis anterior 
°/s Degrees per second 
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1 Introduction 

1.1 Muscle contraction 

1.1.1 Brief overview over skeletal muscle structure and function. 
 
From a mechanical point of view, the main 
function of skeletal muscle is to convert 
chemical energy into mechanical energy and 
thus force production and movement (35). 
Skeletal muscle consists of an arrangement 
of cells (i.e. muscle fibers) and associated 
connective tissue (35) (Fig 1), connected to 
bone at both proximal (i.e. origin) and distal 
(i.e. insertion) points (93). 
Within each muscle, layers of connective 
tissue known as endomysium and 
perymisium surround and separate each 
muscle fiber and bundles of fibers (i.e. 
fascicles) respectively (93). Each muscle 
fiber is surrounded by a cell membrane (i.e. 
sarcolema) that provides a specific 
intercellular space (i.e. sarcoplasm). This 
space contains high-energy phosphates, ions, 
proteins and organelle structures (e.g. 
calcium, myosin, actin, mitochondria, 
sarcoplasmic reticulum) that are crucial for 
maintaining structural integrity, activation, 
force production and force transfer to/from a 
muscle fiber (35, 93).  
A muscle fiber is composed of several 
sarcomeres - each defined within two z-lines 
(Fig 1) and mainly composed of thick and 
thin filaments (protein aggregates) (Fig1). Thick filaments are mainly a bipolar arrangement of the 
motor protein myosin that partially projects outward from the thick filament backbone to interact with 
actin (44). At the center of the thick filaments, several proteins stabilize and crosslink each myosin 
filament which appears as a dark band (M-line) in the center of the sarcomere. Thin filaments, on the 
other hand, are mainly composed of actin proteins that are bound and stabilized by Z-line proteins 
(e.g. CapZ and α actinin), extending themselves close to the center of the sarcomere (Fig 1) (93). 
Generally, the A-Band is the portion of the sarcomere were filaments overlap (Fig 1) (93). Upon 
activation, myosin heads interact with actin, generating force and filament sliding which results in I-
band shortening. Force is laterally and/or longitudinally transferred by cytoskeleton structures (29) to 
the external matrix via z-discs, and M-line associated transfer protein structures such as desmin, 
costameres, α actinin and the talin-vinculin complex (12, 29). Thus, muscle contraction is not 
exclusively linked to the behavior of the active/contractile elements within a muscle, but also to the 
passive/tensile structures that allow force to transfer. 

Figure 1: Microscopic structure of skeletal muscle. (Source: 
The Complete Textbook of Veterinary Nursing (2006), Ch.4 p.59. 
Permission granted by the artist Debbie Maizels from 
Zoobotanica - Science & Nature Illustration and Elsevier 
Additional alterations were performed by the artist).  
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1.1.2 Excitation contraction coupling and cross-bridge cycle 
 
Excitation-contraction (E-C) coupling 
represents a sequence of events linking the 
transmission and transformation of an action 
potential to a cascade of enzymatic reactions 
that are intrinsically linked to calcium 
kinetics, phosphorylation, ATP cleavage, 
filament structural modulations, filament 
sliding and force production (28, 29, 132).  
When acetylcholine (ACh) is released from 
a motor neuron synapse, it diffuses across 
the neuromuscular junction and bounds to 
receptors at the motor end plate, the 
sarcolemma becomes permeable to  Na+ and 
Ca2+ influx and K+ efflux and an end-plate 
potential is generated that usually reaches 
the threshold for generation of an action 
potential.  
The action potential spreads across the cell 
surface and deep within the muscle fibers 
via the t-tubule network, leading to opening 
of the calcium-release channels (also called 
ryanodine receptors) in the membrane of the 
sarcoplasmic reticulum (SR). Calcium flows 
out of the SR into the sarcoplasm which is 
crucial for initiation of the cross-bridge 
cycle (28, 29, 132). 
According to Gordon et al., (2001) (45) when 
ATP is bound to the myosin heads, the 
myosin heads detachment from actin and 
neck region retracts towards the thick filament (phases 1, 2 and 3 in Fig 2B). In phase 4 of Gordon et 
al.’s, (2001) description when myoplasmic free [Ca2+] is low, tropomyosin (a protein filament linked 
to actin by a specific calcium regulation unit known as the troponin complex) blocks the actin binding 
sites. Upon muscle activation, Ca2+ binds to troponin C (TnC) which leads to several conformational 
changes in troponin I, allowing tropomyosin to roll or slide over the thin filament surface, thus 
exposing actin binding sites to myosin and allowing weak actomyosin interactions. In step 5, Ca2+ 
concentration, and possibly cooperative events (e.g. further tropomyosin displacement to neighbor 
actin regulatory units due to existing strong cross-bridges), and phenomena such as myosin regulatory 
light chains (MLC) phosphorylation, regulate myosin head attachment in a strong binding state (45). 
Strong myosin attachments are associated with movement of the myosin heads (Fig 2B) and structural 
change between the head and neck region, mainly due to inorganic phosphate (Pi) release from the 
myosin ATP binding pocket (45).  
The following myosin neck extension in step 6, is associated with the beginning of the force 
generation phase (i.e. power stroke) and its force production behavior modulated by strain, ADP 
release, and the durations in/of phases 7 and 8(45). 
Although the cross-bridge cycle is a complex system, it can be simply divided into force generation 
and non-force generation phases (Fig 1A), where transition between phases could be represented as 
two rate constants Fapp and Gapp respectively (14, 44, 130).  Ingeniously Brenner et al., (1988) (14) 
proposed an analytical framework based on Andrew F.Huxley, work on cross-bridge dynamics of 
muscle contractions (64), allowing us to access information related to cross-bridge turnover kinetics 
via muscle fiber length perturbation assays (44). While a more in-depth yet compressive explanation 
can be found in Gordon et al., (2000) (44), a basic understanding of how Brenner et al.’s, length 

Figure 2: The chemomechanical cross-bridge cycle. (Source: 
Gordon et al. 2001, permission not required). 
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perturbation assays provide information related to cross-bridge turnover kinetics (14, 15) could 
simplify the understanding of findings from studies such as Sweeney and Stull, (1990) (137) 
investigating the mechanisms underlying acute force enhancements following maximal or near 
maximal muscle activation (i.e. often referred as post activation potentiation). 
According to Brenner and coworkers work (14, 15), rapid shortening of a fiber activated at an optimal 
length and at a specific calcium concentration will mechanically detach any attached cross-bridges, 
effectively reducing the force to zero. A rapid re-stretching to the fiber’s original length allows us to 
measure the time that it takes to force to redevelop – known as rate of force redevelopment (Ktr)(44). 
The Ktr is then the sum of the rate of cross-bridges transitioning from a non-force producing state to a 
force producing state (Fapp) and the rate of cross bridges detaching from a force-producing state to a 
non-force producing state (Gapp), (i.e. Ktr = Fapp + Gapp) (14, 15, 44). Such analytic frameworks and 
methods are used in experimental set-ups where mechanical and/or chemical perturbations are done to  
muscle fibers at steady and/or pre-steady force production states to help us distinguish which part of 
the cross-bridge cycle is affected (i.e. Fapp and/or Gapp), and how the cross-bridge cycle and Ca2+ 
regulatory units might respond to a given reaction such as MLC phosphorylation(18, 97, 137). 

1.1.3 What is a Supramaximal twitch and what can it tell us about muscle 
performance? 

 
 A twitch is a short muscle contraction that results from a single stimulus of sufficient intensity to 
recruit some motor units, evoke an action potential, and initiate E-C coupling (29). Muscle activation 
is directly proportional to stimulus intensity and twitch stimulus intensity needs to surpass a given 
threshold in order to activate both low and high threshold level fibers in order to evoke maximal 
muscle activation. Past that point, further tension increases are attained by increasing the rate at which 
action potentials are generated, translating to a different twitch overlap where a minimal twitch 
relaxation phase is critical for a full fused tetanus (i.e. no relaxation phase between successive 
twitches) (29).  
In PAP-related studies, maximal activation of a muscle is required in order to ensure that additional 
effects on a twitch are in fact caused by modulations occurring within the muscle rather than 
additional muscle fiber recruitment. This is normally achieved by increasing electrical intensity 
applied at a peripheral nerve and monitoring the force and muscle compound response (i.e. number of 
muscle fibers activated) curves via force sensors and graphic representation of the muscle 
electromyography (EMG) signals (3, 5, 51, 52). Maximal stimulus intensity is achieved when the 
reflex response (H-reflex) is suppressed and the muscle compound response (M-wave) and twitch 
torque undergo no further increases with increasing stimulus intensity (i.e. maximal recruitment of the 
muscle fibers enervated by the stimulated nerve). To ensure consistency and maximal recruitment 
through the experiment, an additional 10 to 20 % increase in the stimulus intensity is normally applied, 
thus becoming supramaximal (5, 51, 52, 98). Although PAP has been assessed by several methods 
(e.g. pre and post conditioning contraction (CC) explosive tasks and H-reflex assessments), 
supramaximal stimulation and the analysis of twitch properties is still the most reliable and non-
invasive method to assess PAP in human experiments (5, 6, 88). 
Twitch variables such as peak twitch (PT), rate of torque development (RTD),  rate of torque 
relaxation (RTR), rising time (RT), and half relaxation time (HRT) are significantly affected by PAP 
(3, 38, 41). In the absence of stiffness and muscle architectural changes (40, 125), twitch properties 
may reflect different aspects of the muscle activation, contraction and relaxation processes. As an 
example, RTD has been suggested to be related to the rate of cross-bridge formation between actin and 
myosin (84, 118), and RT and HRT to Ca2+  release and re-uptake efficiency of the SR (74, 118, 152). 
However, from the existing literature (7, 18, 82, 88, 97, 151), it would be reasonable to state that 
twitch variables in the rising twitch phase may reflect the behavior of a greater proportion of attached 
than detached cross-bridges and/or SR Ca2+  release efficiency, and twitch variables in the falling 
phase may reflect the behavior of a lower proportion of attached than detached cross-bridges and/or 
SR Ca2+  re-uptake efficiency.  
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1.2 PAP-related mechanisms, modulation factors and effects  

1.2.1 PAP mechanisms 

1.2.1.1 Phosphorylation of the Myosin Regulatory Light Chains 
During the early phase of the E-C coupling, 
Ca2+ released from the SR binds to TnC 
and calmodulin at similar rates (135). 
Calmodulin (a calcium-binding protein), 
then binds to and activates the myosin light 
chain kinase (MLCK) which in turn 
transfers an inorganic phosphate (Pi) 
molecule to and phosphorylates the myosin  
regulatory light chain (MLC) (135).  
The extent of the MLC phosphorylation 
has been previously associated with 
increased calcium sensitivity in isolated 
skinned muscle fibers (97, 135, 138). 
Sweeney and Stull, (1990) (137), using 
different perturbation methods, reported 
that for a given Ca2+ activation 
concentrations, force redevelopment (Ktr = 
Fapp + Gapp) was enhanced when the MLC 
was phosphorylated (i.e. enhanced Ca2+ 
sensitivity). Since ATPase activity and 
stiffness increased proportionally to 
isometric force, it was possible to deduct 
that Gapp was a constant (see Fig 2 legend 
in Sweeney and Stull, (1990) (137) for 
further clarification) and thus the 
enhancements in Ktr post MLC 
phosphorylation was concluded to be due to 
modulation to the cross-bridges entering a 
force production state (Fapp)  (137).  
Structural investigations have further 
extended the understanding on how MLC 
phosphorylation might enhance Fapp (16, 
44). Experiments conducted at Padron Lab 
(http://www.raul-padron.org/lab/) by Raul 
Padron’s research team have recently 
provided a molecular model for PAP (16) 
(Fig 3). Brito et al., (2011) (16) provide a 
detailed insight regarding the behavior and interaction within and between myosin heads, their 
backbone, and actin during phosphorylation (Fig 3). It is generally accepted that MLC 
phosphorylation induces a conformational change to the free and blocked myosin heads, disturbing 
their off-state conformation, allowing more heads to move towards actin and thus, decreasing the 
distance between filaments. The increased number of active myosin heads and proximity to actin 
results in an increased probability of interaction between actin and myosin and likely enhanced force 
production (16, 44, 135).  
Since dephosphorylation rate (due to MLC phosphatase activity) is lower than that of phosphorylation 
(due to MLC kinase activity)  (91, 104, 135), MLC phosphorylation prevails and this state enhances 

Figure 3: Model for activation, potentiation and post-tetanic 
potentiation in tarantula striated muscle. Free myosin heads (blue) 
are Ser35 constitutively monophosphorylated (yellow spheres) 
have relatively weak contacts with the thick filament and interact 
with their partners blocked heads (green). In a twitch, when Ca2+ 
concentration increases, detached swaying heads can attach to thin 
filaments producing single or summated twitch force (b). During 
sustained muscle activation (e.g. MVIC) Ca2+ concentration is high 
and free heads and blocked heads Ser45 can become 
phosphorylated (red triangles) (c) even during brief inactivation 
(d). If Ca2+ concentration increases again (e), the recruited blocked 
heads, as well as swaying heads, would be immediately available 
to produce high twitch force (post-tetanic potentiation). (Source: 
Brito et al., 2011 Permission granted by author and Elsevier). 
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force production in twitches and sub-maximal contractions in fast-twitch muscle following 
conditioning contractions.  
The effects of such potentiation of sub-maximal contractions has been known since the 1980s (75, 97). 
More recently in a study by Zhi et al., (2005) (159). In genetically modified mice (knock-out) with no 
MLCK, MLC phosphorylation and twitch potentiation after a 2-s 150 Hz stimulation (tetanus), was 
nearly absent. Additionally, progressive enhancements during the early phase of a 15 s repetitive low 
frequency (i.e.10Hz) stimulation (staircase potentiation) were severely attenuated when compared to 
non-genetically modified mice. Such results led to the conclusion that MLC phosphorylation was the 
biochemical mechanism responsible for PAP in fast-twitch skeletal muscle. Nonetheless, in human 
mixed muscle models, such conclusions are controversial (60, 62, 131, 134). 
Houston et al., (1985) (62) reported that after a single maximal voluntary knee extension, 6 healthy 
males showed a positive correlation (r=0.85 p<0.05) between peak twitch potentiation and MLC 
phosphorylation peak enhancement, as well as similar behavior in the return to baseline values. Such 
results confirmed that the strong association between MLC phosphorylation and twitch PAP observed 
in mice (159) was also seen in humans. However, in a second study performed by the same group 
(60), it was reported that in 18 non-trained subjects of mixed gender, the relationship between twitch 
enhancements and MLC phosphorylation post 10 and 60s MVIC were inconsistent. Differences 
between studies could be attributed to several factors such as: a) between-subject variations in MLC 
phosphorylation levels also found in our most recent experiments and b) factors affecting twitch 
parameters (e.g. stiffness changes and individual fatigue levels post CC) that could interfere and mask 
a possible correlation between MLC phosphorylation and twitch behavior. Additionally, we could 
introduce the notion of alternative or complementary PAP mechanisms. As an example, PAP could be 
related as suggested by Bruton et al., (1996) (19), to inorganic phosphate (Pi) shifts. Pi is associated 
with the power stroke phase (Fig 2A) and has an impact on myosin and SR ATPase activity, SR 
capacity to release and re-uptake Ca2+, and actin activation and interaction with myosin, thus leading 
to cytoplasmic [Ca2+] and/or  Ca2+ sensitivity shifts and direct modulations at the cross-bridge force 
production (2, 27, 133, 143). While Pi concentration increases under sustained contractions, leading to 
forced depressions, a brief conditioning contraction followed by a rest period decreases Pi below its 
pre-contraction level and enhances force production (2, 20). In our latest experiments, we found a 
consistent and progressive decrease in Pi levels with maximal non-significant values at 15 minutes 
post a 6-s MVIC. Although this Pi behavior is in line with the significant decrease seen in animal 
experiments Bruton et al., (1996) (19), it still does not explain the significant twitch and tetanus 
potentiation occurring immediately after MVIC both in our latest experiments and in other earlier 
PAP-related studies (6, 52, 61, 110). 
In conclusion, MLC phosphorylation may be the main cause of immediate acute twitch enhancements, 
while decreases in Pi could account for later force augmentations. However, further investigations are 
required. Future investigations should consider and discuss their results knowing that in human 
experiments the response attained via mechanical analysis of twitches, tetanus, and explosive 
performance tests represent coexisting muscle force enhancing (e.g. PAP) and depressing factors (e.g. 
fatigue) (34, 121, 147). Moreover, are also dependent on force transfer efficiency that results from 
complex muscle architectural arrangements and characteristics of the passive structures (e.g. tendons) 
and their viscoelastic properties. 
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1.2.1.2 Neural contribution to PAP 
The H-reflex reflects the response of the motor neuron pool to a volley from muscle spindle afferents 
(94) and could be used to test motor neuron pool excitability (94, 158). Thus it could be used to 
investigate whether neural facilitation is associated with acute force enhancements post a conditioning 
contraction. In humans, the H-reflex can be recorded by obtaining surface EMG data in response to a 
brief electrical stimulation to a peripheral nerve, and analyzed via peak-to-peak amplitude 
measurement of the surface electromyographic signal (29, 94, 158).  
However, afferent feedback from peripheral receptors (e.g. muscle spindles, Golgi tendon organs, 
cutaneous mechanoreceptors), and descending supra-spinal commands resulting in different 
presynaptic inhibition levels can be affected by changes in posture and mind set (158). Since H-reflex 
amplitude is severely modulated by presynaptic inhibition, the only way that H-reflex could 
ambiguously reflect α motor neuron excitability would be by controlling participants’ mind set and 
posture. Experimental protocols would have to be meticulous in order to ensure, for example, 
consistency of stimulus and background excitability (i.e. identical submaximal activations during H- 
reflex assessment) (158). Thus the validity and reliability of the H-reflex as a measurement of motor 
unit excitability, as well as an estimate of spinal reflex processing, depends on a highly specialized 
methodology (57, 158). Nevertheless, enhanced recruitment of high order motor units has been 
suggested as a possible explanatory mechanism for PAP (57, 144). Gullich and Schmidtbleicher, 
(1996) (50) investigated the impact of neural contribution in the PAP phenomenon via H-reflex. 
Power trained athletes exhibited a significant peak LG H-wave depression followed by a potentiation 
of 42%, occurring 8.7±3.6 minutes after 5 sets of 5-second MVICs. Additionally, they found a 
significant correlation between LG H-wave and peak isometric plantar flexion explosive force 
(r=0.89), and time decay of PAP effects (r=0.9). The authors interpreted the enhancements in 
explosive force performance post conditioning to be a result of increased excitability of the motor 
neuron pool, implying facilitation in the recruitment of high order motor units during rapid 
contractions (50). However, factors such as presynaptic inhibition and stimulus consistency were not 
controlled for, which in conjunction with the non-normalization of the maximal M-wave, hinders the 
validity of the Güllich & Schmidtbleicher, (1996) results (57, 144).  
Although a previous review  (144) has pointed out that different studies have reported similar H-wave 
depressions and potentiation behavior post conditioning in more controlled experimental set ups (33, 
146), it should be mentioned that Trimble et al., (1998) (146) did not measure effects on performance, 
and that Folland et al., (2008) (33) reported a lack of performance enhancements post conditioning. On 
the other hand, Hodgson et al., (2008) (58) evoked both supramaximal twitches and H-reflexes (H-
wave normalized to M-wave) on a background level of plantar flexion muscle activation of 
approximately 5% of MVIC. Measurements were taken pre, and on several occasions during 11 
minutes post a conditioning contraction of 3 sets of 5-s MVICs. While changes were seen in twitches 
and isometric RTD, the 13 athletes exhibited no significant changes in H-wave. The authors concluded 
that post activation potentiation may result in an increase in the rate of voluntary isometric force 
production that it is unrelated to neural excitability (58), falling in line with recent findings and 
conclusions on this topic (65, 157). 
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1.2.1.3 Acute architectural and property changes of muscle and tendon 

1.2.1.3.1 Pennation angle 
The muscle-tendon unit (MTU) refers to a 
complex structure of muscle, tendon, myotendon 
junctions, tendon sheaths, and tendon-bone 
junctions that possess architectural arrangements, 
geometric positions, compliance, and viscoelastic 
elastic properties that modulate force behavior.    
Although complex, the MTU can be simplified 
and represented as a mechanical model such as the 
Hill three element model (56). Hill’s MTU based 
models (Fig 4) consist on a representation of a 
contractile component (e.g. force generated by the 
interaction of myofilaments) and its interaction 
with properties of elastic structures in parallel (e.g. 
sarcolema, perimysium and structural proteins), 
and active and passive elements in series (e.g. 
tendon, tittin, elasticity of cross-bridges and 
myofilaments) (29). Hill’s model allows us to 
make predictions based on virtual simulations of 
the effects of a given parameter (e.g. stiffness changes, pennation angle shifts) on MTU behavior and 
force production.  
Pennation angle of a muscle represented as (α) in Figure 4 is a result of the angle formed by fascicles 
and the inner aponeurosis reflecting the orientation of muscle fibers in relation to connective 
tissue/tendon (144). Force from the muscle fibers is transmitted to the tendon by a factor of the cosine 
of the muscle fibers’ pennation angle (36, 42, 69), and therefore force transfer efficiency can be 
mechanically enhanced by a decrease in pennation angle (36, 69). 
In 2004, Mahlfeld and coworkers (90) measured the vastus lateralis (VL) pennation angle pre and post 
a 3-s MVIC in non-trained subjects. A significant decrease (~12.5%) in pennation angle was found 3 
to 6 minutes post MVIC, representing an enhanced force transfer of around 0.9%. 
Recently, Reardon et al., (2014) (123) investigated the acute effects of different CC intensities and 
volumes on jump performance and VL and rectus femoris (RF) muscle architecture for a control (i.e. 
no CC) and intervention group (i.e. with CC). Reardon et al., (2014) (123) found no change in jump 
performance. However, the baseline pennation angle (15.6º) decreased to 15.1º and 14.4º at 8 and 20 
minutes after a CC, respectively. Such minute changes from pre to post CC pennation angle (i.e. 5.3% 
20 minutes after CC) reflect an even lower increase in force transfer compared with the results 
previously reported by Mahlfeld et al., (2004) (90). Nonetheless, Reardon et al., (2014) (123) stated 
that the differences in pennation angle change in the intervention group were “likely” and very 
“likely” to decrease in VL muscle at 8 and 20 minutes after one maximal squat repetition and when 
compared to values from the control group.  
Pennation angle decrease has previously been suggested as a possible PAP explanatory mechanism 
(144). It is interesting that some studies suggest peak modulation of the pennation angle (8 and 20 
minutes post CC) (123) occurring at time points coinciding with reports of peak acute performance 
enhancements in functional tasks (46, 154). However, others have found an absence of significant 
pennation angle changes immediately (i.e. 1s) (125), and up to 2 minutes after several different 
voluntary isometric contractions (90). Thus it is unlikely that changes in pennation angle could explain 
the instant PAP enhancement effects on twitch properties (i.e. maximal immediately and nearly 
insignificant 3 to 10 minutes post CC) as has been previously reported(3, 5, 41, 51, 110). Furthermore, 
Mahlfeld et al., (2004) (90) states that shifts in pennation angle represent only a fraction of the total 
change of the muscle–tendon unit interaction, thus the amplitude of changes reported are hardly 
meaningful for direct force-enhancing mechanisms (90), and even if they were, we still would have to 
account for counteracting effect from acute decreases in tendon stiffness post similar CC (111, 144). 

Figure 4: Representation of the muscle–tendon 
complex in a Hill-type muscle model. (Source: Gerus P et 
al. 2013 permission granted by Taylor & Francis). 
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1.2.1.3.2 Stiffness 
The impact of stiffness changes on PAP behavior has been previously discussed by several authors (7, 
8, 118). However, it has never been experimentally addressed. Certain conditioning contractions can 
induce significant acute changes in tendon properties (70, 76, 78, 80). Previous review studies (111, 
141) summarized that acute modulations to tendon stiffness may depend on the intensity, duration and 
action type of the conditioning task. Both MVIC and sustained stretching interventions were 
associated with decreases in post conditioning tendon stiffness (70, 76, 114), whereas concentric 
conditioning contractions have shown both insignificant (89) and significant tendon stiffness 
reductions (71, 76). Stretch-shortening contractions appear to induce no significant changes (78, 115). 
The conditioning protocols used to induce PAP have usually consisted of repeated dynamic 
submaximal or one or more maximal isometric muscle contractions (144). It is therefore possible that 
some of these protocols result in sufficient tendon strain to cause changes in stiffness, impacting 
muscle contractile properties, sport and daily performance (13, 112). Thus further research should be 
performed in order to investigate the possible effects and implications of PAP induction protocols on 
the passive elastic components of a MTU. 
 

1.2.2 Factors affecting PAP 

1.2.2.1 Subject characteristics 
Subject characteristics are known to affect PAP behavior (144, 154); understanding how is crucial for 
PAP-related investigations and applications. Contrasting with the slow (type I) twitch fibers, fast 
twitch fibers (type II) have been found to be prone to greater MLC phosphorylation and acute 
enhancement of muscle contractile properties in a wide variety of animal experiments (103, 126, 153). 
In humans, Hamada et al., (2000) (51) investigated the muscle contractile properties via supramaximal 
twitches pre and post a 10-second MVIC. Muscle biopsies were collected in the eight participants 
exhibiting the greatest (104±11%; n=4) and lowest (43±7%; n=4) PAP values. The negative and 
significant correlation (r = -.73) found between pre twitch time to peak (TTP) values and post MVIC 
peak twitch (PT) enhancements (i.e. PAP), paired with a significantly greater type II to type I fiber 
ratio exhibited in the high potentiation group suggested that a greater PAP effect was associated with 
superior type II fiber muscle content. Such findings could be related to a greater MLCK activation 
than deactivation, and consequently the faster rate of MLC phosphorylation over dephorsphorylation 
in type IIb fibers (126, 135). 
Associations between PAP amplitude and type II fibers were first reported in the 1980s by Houston et 
al in (1985) (62). Presently, a true relationship between greater type II fiber muscle content and greater 
PAP effects is considered a solid scientific fact. However, before accepting such findings, one should 
consider the work performed by the Canadian laboratory post the Houston et al., (1985) study (62). In 
the experiments following Houston et al., (1985) (62), a lack of significant correlation was reported 
between MLC phosphorylation and twitch amplitude potentiation, and between MLC phosphorylation 
and percentage of type II fibers (134). Furthermore, similar MLC phosphorylation levels were found 
between type I and type II fibers (47, 60, 61).  
Nevertheless, by considering that PAP is in fact greater the more type II fiber muscles there are 
present, we can partially explain possible effects of age, training status and other factors on PAP 
behavior. For example – studies have reported smaller PAP effects (i.e. PT and RTD enhancements 
and larger TTP and HRT responses) occurring in the elderly compared to young individuals (7, 55, 
148). Such results could be related to the selective atrophy of type II muscle fibers post pubertal aging 
(26, 85, 86). Furthermore, type II fiber number and size are known to be optimized by resistance and 
explosive training (1, 67, 155), and significantly greater in individuals with an explosive training 
sports background (43, 117, 129, 142). In that sense it understandable that these athletes are prone to 
exhibit greater PAP effects (22, 31, 154). However, we should mention that PAP is still evident in 
endurance athletes with high type I fiber content, probably due to the incorporation of fast MLC in 
type I fibers and resistance to PAP suppressing factors such as fatigue (51, 53). Such a fact could, 
under specific circumstances, lead endurance athletes to exhibit greater PAP effects than power 
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athletes.  Morana et al., (2009) (105) reported that a greater PAP could be found in endurance athletes 
compared with power athletes when a submaximal CC of 50% MVC was used to induce potentiation. 
In addition, endurance athletes maintained greater PT potentiation levels throughout a 10-min fatigue 
task (105). 
Untrained individuals seem to be less prone to benefit from PAP. Nonetheless it has been shown that 8 
weeks of endurance training, 4 weeks of isokinetic training and 12 weeks of resistance training can 
significantly increase PAP post CC (55, 96, 119). Furthermore, the greater PAP post training was 
correlated to increased endurance time performance (55, 96), probably by increasing the resistance to 
fatigue post training (2, 119), and counteracting the low frequency fatigue (47, 48, 119, 147). Thus, 
untrained individuals may still be able to functionally explore PAP effects by changing their current 
training status.  
Different subject characteristics, specially training background and status cannot be dissociated 
from different neural activation capacity and efficiency (127), or differences in the passive 
components of the MTU (79, 81) and resistance to fatigue (1, 2, 140). Such factors are 
sometimes, but not always, referred in conjunction with the core explanatory factors to justify the 
superiority of trained individuals with a power-based training over endurance, active and 
sedentary individuals in terms of PAP amplitude effects after CC (31, 53, 154). 
In conclusion different subject characteristics induce different PAP behavior. Thus, choosing a 
homogeneous over heterogeneous study sample may be advantageous if the aim is to investigate 
PAP, even if external validity of the conclusions is affected. 

1.2.2.2 Fatigue 
In healthy human muscle, fatigue might be defined as a reversible phenomenon that results from 
emotional, neural, metabolic and physiological impairment resulting in a decline in muscle 
performance during sustained or repeated muscle activity at an original intensity (2, 30).  
The mechanisms underlying fatigue are not fully understood, however they are likely a combination of 
central (e.g. neural inhibition and/or impaired MU recruitment) and peripheral factors (e.g. 
bioenergetics failure and/or EC coupling associated impairments) (for a review see (2, 73)). Fatigue-
associated factors (e.g. ATP concentration decrease,  Pi accumulation, neural failure) (2, 30) and PAP-
related mechanisms (e.g. enhanced MLC phosphorylation, neural recruitment and/or muscle 
architectural changes) (57, 144) can both be associated with acute depression and enhancement of 
muscle contractile performance, respectively (88, 105, 119-121, 144). Since fatigue and PAP are 
known to coexistent in post conditioning contractions (34, 52, 105, 121, 147), the amplitude and 
duration of the effects on twitch properties and performance are rather a representation of a net result 
of both depressing and enhancement factors (52, 60, 105, 144).  
As an example, peripheral fatigue associated with MVIC (61, 116, 147) could result from impairments 
within the muscle fibers (e.g. Pi accumulation) which could be associated with impairments in the SR 
Ca2+ release and/or at several Ca2+ buffers in the cell which could lead to a lower peak cytoplasmic 
[Ca2+] and myofibrillar Ca2+ sensitivity concentration (88). Such limitations could lead to restraints in 
force and power production (2, 116), even when counteracted by PAP-associated mechanism (i.e. 
enhanced MRL phosphorylation) and their associated increased Ca2+ sensitivity (52, 55, 105, 149). 
Twitch enhancement and depression behavior during repeated CCs were recently investigated by 
Hamada et al., (2003) study (52) and Morana et al., (2009) (105). Twitch enhancements peaked after 
the second CC (5-s knee extension MVIC) in the Hamada et al., (2003) study (52) and after 5 to 10 
repetitions of a 5-s submaximal knee extension (50% of the 1RM) in the Morana et al., (2009) study 
(105). Thereafter, each repetition caused a drastic twitch depression that was more accentuated in 
participants with more type II fibers (52) and in power athletes (105). Thus it is critical that fatigue-
related factors are controlled and minimized in order to optimize the beneficial effect of PAP. This 
may be achieved by enhancing PAP and resistance to fatigue via training (55, 96, 119), and by 
controlling and adjusting the CC both at a group and individual level. 
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1.2.2.3 PAP conditioning contraction characteristics  
The nature of a CC used for inducing PAP (i.e. voluntary versus involuntary) has been shown to have 
a significant effect on twitch potentiation (68, 99). Myiamoto et al., 2012 (101) reported that in 
contrast, with the effect post a voluntary CC, CCs resulting from neural muscle electrical stimulation 
attained an immediate enhancement of both peak twitch and peak concentric knee extension. Such 
results were explained by stating that CCs induced by neural muscle electrical stimulation would 
bypass the central fatigue effects that would otherwise be present, if the CC was voluntary. 
Furthermore, PAP does not seem to depend on the type of maximal CC (i.e. concentric, eccentric or 
isometric) (4). However, evidence suggests that the preceding effects on performance are dependent 
on the similarity between the angular velocity of the PAP induction CC and the post-performance task 
(38). 
Intensity and volume of the PAP induction CC are known to play a relevant role in the subsequent 
twitch and performance potentiation behavior. It is commonly accepted that PAP increases in response 
to increased CC intensity, and decreases as soon as the volume of the CC starts to generate fatigue (52, 
105, 128, 149, 105). Initial reports on the tibial and plantar flexor muscles reported a optimal duration 
of 10 seconds and a minimal intensity of 75 % of the MVIC to attained a small visible twitch 
potentiation (149). However, recent studies have found significant twitch PAP from CC intensities as 
low as 30 % of the maximal torque (68, 128), and for as short as 3 seconds for twitch potentiation, and 
5 seconds for isokinetic knee extension (3, 52, 101). Such contrasting results may be due to the 
different muscle intensity thresholds required to induce maximal PAP effects (37). As stated by 
Fukutani et al., (2014) (37), maximal PAP levels are attained when a maximal motor neuron pool is 
recruited. In that sense CC intensity needs only be as high as that required for maximal recruitment of 
the muscle motor units, which implies that CC intensity is muscle dependent and PAP can be maximal 
after a submaximal voluntary contraction (37). 
In conclusion, it seems that nature, duration, intensity and speed of the CC should be adjusted not only 
for the subject or group, but also for the target muscle and task.    
 

1.2.2.4 Muscle length, speed and direction  
Controlled in-vitro experiments have clearly shown that post activation potentiation (PAP) is muscle 
length dependent (17, 122). However, assessment of PAP behavior at different muscle lengths in 
humans can be assumed to involve more complex muscle architectural modulations than in single 
skinned fibers, especially, if the changing joint angle involves bi-articular muscles such as the 
gastrocnemius. As an example, a change in knee angle will affect the length of the gastrocnemius but 
not the soleus, thus resulting in different muscle architecture and force transfers within the plantar 
flexors (69). Such factors may partially explain the why PAP effects on the quadriceps have been 
previously reported to be both significantly (120) and non-significantly (136) affected by knee joint 
angle. 
Miyamoto et al., (2010) (102) using mechanomyographic recordings to study PAP of individual 
muscles at different ankle angles reported that, with the exception of the most plantar flexed position, 
the medial gastrocnemius potentiated more than the soleus. Furthermore, the overall plantar flexor 
twitch torque was greater at the most plantar flexed position suggesting greater PAP at shorter muscle 
lengths. Although greater PT enhancements have been previously reported for shorter plantar and 
dorsiflexor muscle lengths (95, 102, 149), it is yet to be confirmed whether same conclusions are 
achieved if muscle shortening occurs via knee angle changes. 
Twitch PAP behavior during different ongoing muscle length directions is also poorly investigated. 
Such investigations require identical muscle lengths at which the twitch is delivered, thus a carefully 
developed methodology is required to be able to account for changes in speed and direction. As far as 
we know only Babault et al., (2008) (3) has previously investigated the effects of movement direction 
on twitch PAP. Babault et al., (2008) (3) induced PAP in the quadriceps muscle of untrained 
individuals via a 3-second MVIC. Twitch PAP was found to be dependent on direction and speed 
during shortening, but only for PT and RTD. In conclusion, twitch PAP appears to be greater at shorter 
muscle lengths and only during actions involving fast muscle shortening.    
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1.2.3 Overview of PAP effects on explosive performance  
 
The list of publications related to the acute effects of a CC on a presiding explosive task (e.g. sprint, 
jump, isokinetic extensions) is extensive, and the effects range from sport performance depression, 
unchanged, and enhanced up to 13 % (57, 144). Recent meta-analysis studies have concluded that 
acute enhancements in power output and jump height appear to be significant if an optimal rest 
interval of  7 to 12 minutes is given between the CC and explosive task assessment. However, most of 
the studies covered by the mentioned review (46, 144, 154) often lack twitch assessment and muscle 
tendon stiffness control of their warm-up and CC. Furthermore, the time frame proposed for peak 
enhancements is in total disagreement with the timing for twitch peak enhancement post CC (i.e. 
immediate effects after CC that dissipate to baseline values after 5 to 10 minutes), yet such studies still 
reported increased calcium sensitivity due to enhanced MLC phosphorylation as a major part of the 
explanatory mechanisms. We rather think that different underling mechanisms are regulating these two 
forms of acute enhancements. As Rassier, in Macintosh (2010) (88) and Baudry et al., (2007) (6) 
mention, without proper assessment of twitch potentiation PAP “It is difficult to associate these 
improvements in performance to PAP” (6) (p.1). Thus, “This use of the term (i.e. PAP) is 
inappropriate” (88) (p.321-322). From that point of view we believe that instead of excluding studies 
in a meta-analysis due to a partial involvement with electrical muscle stimulation CC (154), we should 
include then and even attribute greater weighting to those that use twitch assessments. Therefore, we 
will only discuss studies that have used both twitch PAP assessments and explosive performance tests.  
Myiamoto et al., (2012) (101) found that a 5-s voluntary and electrically induced knee extensor MVIC 
(i.e. CC) resulted in a significant PT enhancement from 3 seconds and up to 5 minutes after CC. 
Additionally, peak maximal voluntary concentric knee extension at 210º/s was significantly enhanced 
from 1 minute (106.6 ± 2.3%) up to 3 minutes (107.2 ± 2.6%) after voluntary CC, and after electrically 
evoked CC from 3 seconds (105.1 ± 2.2%) up to 3 minutes (107.8 ± 2.7%) . Similarly, Baudry et al., 
(2007) (6) reported immediate twitch RTD enhancements after a 6-s thumb adductor muscle MVIC or 
tetanus. The effects dissipated progressively to non-significant values 5 minutes after CC. 
Furthermore, RTD during loaded ballistic contractions were significantly enhanced immediately and 
up to 2 minutes after CC, with peak enhancements occurring one minute after CC and ranging from 9 
to 24 %. Similar results have been confirmed for twitch and concentric plantar flexion at 180º/s, 
reporting optimal PAP effects between 1 to 3 minutes after CC (100). 
Recently, twitch PAP was evaluated between set of jumps and isokinetic knee extensions pre and post 
CC (38, 39). Both studies reported that twitch PAP, jump performance (39) and fast isokinetic knee 
extensions were enhanced at similar time after CC (i.e. 1 minute) (38). Moreover, Bergmann et al., 
2013 (10) found that after 10 maximal two-legged hop jumps, PT was enhanced by 32% and drop 
jump performance by 12% (10), presenting a significant correlation between the amount of PT change 
(i.e. PAP) and individual change in drop jump performance (10). The latest results confirm previous 
reports of correlations between twitch PT and RTD potentiation with jump performance (i.e. power 
production and height), and sprint time (107, 124). 
In conclusion we can say that twitch PAP behavior has been associated with acute explosive 
performance enhancements occurring at similar time points (i.e. immediately after CC). The time 
frame for optimal PAP effects on performance proposed by recent meta-analysis studies (i.e. 7 to 12 
minutes after CC) should be reassessed and updated. Furthermore, it is reasonable to believe that if 
performed correctly, twitches provide a powerful and controlled method of investigating factors that 
could affect PAP and, to some degree, extrapolate such findings to more applied scenarios.        
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2. Aim 

2.1 General aims of the thesis 
To enhance our understanding of how, and under what conditions, a single maximal isometric 
contraction affects plantar flexor muscle contractile performance, and other muscle tendon properties, 
in power athletes. 
 

2.2 Specific Aims of the studies  
Study I: To investigate if and how the amplitude and duration of changes in plantar flexor twitch 
properties seen after a single MVIC are dependent on muscle action types (isometric, shortening, or 
lengthening), and speed of muscle length changes.  
 
Study II: To investigate the effects of a single 6-s plantar flexion MVIC on Achilles tendon stiffness 
(ATS) and plantar flexor twitch properties. 
 
Study III: To investigate the dependency of post activation potentiation (PAP) on muscle length via 
modulations of knee joint angles pre and post a single 6-s plantar flexion MVIC. 
 
Study IV: To investigate whether measurements of muscle tendon stiffness and electromechanical 
delay are affected by a single 6-s plantar flexion MVIC. 
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Figure 5: Example of a two pre-post repeated measurements 
design with baseline time series measurements. Shown here is the 
twitch assessment design (Session 1), common to all studies in 
the present thesis. Session 2 represents a specific design to 
investigate Achilles tendon stiffness  

 3 Methods 

3.1 Subjects 
 
Swedish male athletes with a power-based training background (i.e. sprinters and jumpers) competing 
at national and European level participated in Studies I, II, III and IV. Six participants from Study I 
were also involved in Studies II and III, which were performed approximately 1 year apart. Study IV 
involved a post-hoc data reassessment of the 8 sprinters from Study I (Table 1). All athletes were free 
from previous injury of the right foot. Subjects were informed of the methods of the study and had 
signed an informed consent document. The experimental procedures of the study were approved by the 
regional ethics committee and all procedures adhered to the Declaration of Helsinki. 
 
Table 1: Subject characteristics in all studies. 

Study No./Gender Training sessions/ 
Week  

Age(years) Height(cm) Mass(kg) BMI(kg/m2) 

I. 11 / ♂ More than 5 
sessions a 
week on 
average. 

21.4±2.6 186±6.1 80.9±7.9 23.3±1.5 
II. 10 / ♂ 22.9±2.5 187.6±6.2 80.3±9.4 22.7±1.3 
III. 10 / ♂ 22.2±1.9 187.1±6.0 80.0±9.4 22.8±1.3 
IV.   8 / ♂ 21.4±3.0 184.6±4.3 79.2±5.0 23.2±1.5 

 

3.2 Overview of study design, acquired data, modes and variables.  
 
Studies I to IV were of experimental nature using a pre-post simple group design with pre-baseline 
time-series measurements (Fig 5). Table 2 provides a summary of the acquired data, main analyzed 
variables, and tested modes in each study. 
Data were collected during one session for 
Studies I, III and IV, and during two 
separate sessions for Study II. In Study I, 
twitches were induced during five different 
modes (isometric, shortening and 
lengthening at 30 and 60°/s) before and after 
a conditioning MVIC; the modes were 
performed in randomized order. Study II 
consisted of one session of twitch 
measurements, and one session of 
identically timed stiffness measurements 
(Fig 5). In Study III, twitches were induced 
in two different testing modes (extended and 
flexed knee) before and after a conditioning 
MVIC. Study IV involved three of the five 
testing modes used in Study I. By choosing 
this experimental design it was possible use a 
smaller sample size Hopkins, (2000) (59).  
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Table 2: General overview of acquired data, analyzed variables and tested modes for all studies in the present 
thesis. sEMG = surface electromyography; PT = peak twitch torque; RTD = twitch rate of torque development; 
RTR = twitch rate of torque relaxation; RT = twitch rising time; HRT = twitch half relaxation time; M-wave = 
soleus muscle compound electromyography signal; ATS = Achilles tendon stiffness; PSI = passive stiffness 
index; EMD = electromechanical delay; 6-s MVIC = 6 second maximal voluntary isometric contraction. 

 

Study Acquired data Main 
variables 

  
Modes 

 
Conditioning 
contraction 
 

No. of 
sessions  

I. 

Torque 
Ankle angle  
sEMG 
Stimulus timing 
 

 
PT, RTD, 
RT, RTR, 
HRT, 
M-wave 
 

Isometric, 
shortening and 
lengthening at 
30 and 60 °/s 

6-s MVIC 1 
 

II. 

Torque 
3D motion 
Ultrasound 
sEMG 
Stimulus timing 
 

PT, RTD, 
RT, HRT, 
M-wave, 
EMGrms, 
ATS 

Isometric (30, 
50 and 100% 
of the MVIC) 
 

 
6-s MVIC 2 

III. 

 
Torque, 
Knee angle  
sEMG 
Stimulus timing 
 
  

PT, RTD, 
RTR, 
M-wave 

 
Isometric, with 
the knee 
flexed and 
extended 
 

6-s MVIC 1 

IV. 

 
Torque, 
Ankle angle 
sEMG 
Stimulus timing 
 
 

PT, RTD, 
RT,HRT 
M-wave,  
EMD,PSI 

Isometric, 
Shortening and 
lengthening at 
30 °/s 
 

 
6-s MVIC 1 
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Figure 6: Experimental set up in Study II 

3.3 Materials and acquisition 
 

3.3.1 Torque, angle, electrical stimulation and electromyography (Studies I to IV) 
 
All studies used an isokinetic dynamometer (Isomed 2000, D&R Ferstl Gmbh, Henau, Germany) with 
a custom-made footplate to assess plantar flexion torque data. A constant current stimulator 
(Digitimer, model DS7A, Hertfordshire, UK) was used to deliver electrical current to the posterior 
tibial nerve using a single rectangular pulse (1 millisecond). 
Surface EMG (sEMG) signals were recorded in all studies. Skin impedance was minimized by shaving 
and cleaning the skin over the chosen muscle bellies. Circular 7-mm diameter circular Ag–AgCl 
electrodes (Ambu Blue Sensor, Medicotest, Denmark) were positioned in a belly-tendon configuration 
on the soleus (SOL) muscle and along the belly of the tibialis anterior (TA) muscle. Additional pairs 
of electrodes were positioned over the belly of the medial gastrocnemius (MG) in Studies II and III. A 
single ground electrode was positioned on the skin covering the head of the fibula in all studies, and an 
additional ground electrode was used on the medial femoral condyle in Studies II and III. The sEMG 
signals were amplified 1000 (MG and TA) or 200 (SOL) times (NL 824, Digitimer, UK), and band-
pass filtered (30 Hz–1 kHz with a 50 Hz notch filter) (NL 125, Digitimer, UK).  
Data were sampled at 5 kHz using a 16-bit Power 1401, monitored and recorded via Spike2 software 
(version 7.0, CED, Cambridge, England). Time of stimulation and Isomed 2000 shaft rotation in 
Studies I to IV were controlled via custom written software linked to the Spike2 software control 
panel. 

3.3.2 Kinematic and ultrasound acquisition (Study II) 
 
In Study II, an ultrasound video of the medial gastrocnemius myotendinous junction (MTJ) was 
recorded along with 3D kinematic data of the ultrasound probe. A four-camera motion capture system 
(Oqus 4, Qualisys, Sweden) and operating Qualisys Track Manager Software (QTM, version 2.7, 
Qualisys, Sweden) were used to record the position of several spherical retro-reflective markers. 
Cameras were specifically positioned and configured according to the room and experimental 
requirements using tripods (Manfrotto 161MK2B tripod) and the QTM internal configuration panel. 
The camera system was adjusted and calibrated according to the manufacturer’s guidelines using a 
0.375 m wand. Three markers were placed on the side of the ultrasound probe (M1, M2 and M3), one 
at the calcaneal insertion of the Achilles tendon (M5) and one on the “Acquire” button of the 
ultrasound system (M4) (Fig 6). The lowest 
vertical marker coordinate on pressing the 
“Acquire” button marker was used to trigger 
motion capture and synchronize the recording of 
both the ultrasound and motion capture systems. 
Data acquisition was performed at a sampling 
frequency of 130 Hz. An ultrasound system 
(Philips Envisor M, Netherlands) with a 5-12 MHz 
linear probe was used to capture ultrasound video 
images of the MTJ. The video configuration was 
set for a 3 focal point view at an acquisition 
frequency of 13 Hz providing a maximal recording 
time of 23 s. Ultrasound video images were stored 
in the ultrasound system (Philips Envisor) internal 
hard drive and exported to compact disc, while 3D 
motion analysis data were stored in a Qualisys 
dedicated Lab computer.  
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3.4 Experimental procedures 

3.4.1 Common procedures  

3.4.1.1 Experimental set up and procedures for twitch assessment in the isometric mode (Studies 
I to IV) 

The experiments lasted approximately 1.5 to 2.5 hours, beginning with a 10-minute warm-up 
comprising of submaximal ergometer cycling. While resting, electrodes were placed on the subjects 
(see section 3.3.1) who were then positioned prone on the isokinetic dynamometer (Isomed 2000, 
D&R Ferstl Gmbh, Henau, Germany), with their arms and hands to the side of their body. Their 
shoulders, hips and legs were adequately fixated, and their right foot securely strapped down onto a 
custom-made footplate. The ankle joint axis was aligned with the rotational center of the dynamometer 
shaft. The Isomed 2000 was adjusted using built-in software. Foot alignment, range of motion and 
gravity correction was performed for each participant according to the manufacturer’s guidelines. In 
the isometric testing mode, common to all studies, the ankle angle was at 90˚ and the knee was fully 
extended.  
Electrical stimulation of the tibial nerve was used to evoke plantar flexor twitches. A constant current 
stimulator (Digitimer, model DS7A, Hertfordshire, UK) was used to deliver electrical current to the 
posterior tibial nerve using a single rectangular pulse (1 ms). The stimulator - a small cathode 
electrode - was positioned on the popliteal fossa after manual location of the best stimulation zone in 
that area using a custom-made stimulating pen. The anode was placed and taped onto the anterior 
surface of the knee, proximal to the patella. Each subject was initially familiarized with several 
submaximal electrical stimuli of progressively increasing current in steps of 5 miliampère intensity. 
Stimulus intensity was increased until both compound muscle action potential (i.e. Sol M-wave) and 
twitch force had no further increase with increasing stimulus intensity. To ensure maximal muscle 
fiber activation throughout the entire experiment, the stimulation intensity was further increased by 
20%. Such a process is widely used in PAP-related investigations (6, 52, 101). After resting for 10 
minutes to eliminate any kind of remaining potentiation that could influence the data, a stimulation 
protocol was executed with the ankle in a neutral position (isometric mode). Stimulation protocols 
consisted of three supramaximal stimulations followed by a 6-second maximal isometric contraction 
(6s MVIC) conditioning phase, then, no less than seven subsequent stimulations over a 10 min 
recovery period (Fig 5).  
 

3.4.2 Specific procedures 

3.4.2.1 Twitch during muscle length changes and stiffness index (Studies I and IV) 
Study I included the common experimental set up and twitch assessments in the isometric mode as 
well as additional twitch assessments during muscle shortening and lengthening. The latter 
assessments were performed during passive ankle rotation. One trial was performed in the isometric 
mode, two trials were performed during passive lengthening (at velocities of 30 and 60°/s) and two 
more during passive shortening (at velocities of 30 and 60°/s). Protocol order was randomized for each 
subject. Study IV twitch variables (e.g. PT and RTD), electromechanical delay analysis and passive 
stiffness index calculations were based on the torque-angle data from Study I during the passive 
shortening and lengthening protocols at velocities of 30 °/s. 
  



 

 27 

3.4.2.2 Achilles tendon length displacement and stiffness (Study II)  
Two separate sessions were performed in Study II (Fig 5). The first session involved the common 
procedures and twitch assessments in the isometric mode, followed by familiarization with the tasks to 
be performed in the second session (maintaining a given torque threshold level with the assistance of 
visual feedback). In the second session, Achilles tendon stiffness (ATS) was evaluated with pre and 
post MVICs using submaximal voluntary contractions, 3D motion analysis, and EMG. Retro-reflective 
markers were positioned on the skin over the calcaneal insertion of the Achilles tendon while subjects 
were lying on the isokinetic dynamometer. The medial gastrocnemius myotendinous junction (MTJ) 
was then identified using the ultrasound system to record the MTJ displacement during contractions. 
Torque levels corresponding to 30% and 50% of the MVIC torque recorded in the first session were 
calculated. Online torque feedback was presented on a monitor positioned in front of the subjects 
during both the familiarization process and the test trial. Each submaximal contraction lasted 10 s (5 s 
at 30% and 5 s at 50% of the MVIC). These were performed three times before and four times after the 
conditioning MVIC. 
 

3.4.2.3 Twitch assessments at different knee angles (Study III)  
Study III, involved the same experimental set up and procedures described in section 3.4.1.1. In 
addition, supramaximal plantar flexor twitches were evoked pre and post MVIC in two positions: a) 
knee extended with the ankle joint at 90˚, and b) knee flexed (i.e. four point kneeling position with the 
knees directly under the hips and the wrists under the shoulders) with the ankle joint at 90˚.  
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3.5 Analyzed variables  

3.5.1 Analysis of twitch properties and M-wave amplitude (Studies I to IV) 
 
Custom written scripts in Spike2 software 
were produced to extract the following twitch 
and M-wave variables (Fig 7 and 8):  
Peak twitch (PT) measured as the difference 
between the maximal twitch torque and the 
torque value at the time of the proximal peak 
of the soleus M-wave. 
Maximum rate of torque development (RTD) 
measured as the peak of the first derivate of 
the development of torque (dF/dt). 
Maximum rate of torque relaxation (RTR) 
measured as the peak of the first derivate of 
the decline in torque (-dF/dt) respectively. 
Half relaxation time (HRT) measured as the 
time from peak twitch torque to the return to 
50% of peak torque. 
Rising time (RT10-90) measured as the time 
between 10% and 90% of the peak twitch 
torque on the ascending side of the twitch 
force curve. 

3.5.2 Analysis of electromechanical delay (Study IV) 
 
Electromechanical delay (EMD) was measured 
as the time from the electrical stimulus artifact 
as suggested by Lacourpaille et al., (2013) 
(83), to the onset of the torque production. The 
onset of torque production was visually 
determined as in Costa et al., (2010) (23) using 
a window with an x-range (time) of 100 ms 
and y-range (torque) of 1 Nm, (Fig 8). Since 
automated procedures might lead to more 
inaccurate detections of the torque onset (145), 
a visual inspection of the transition between 
the shape and behavior of the baseline to the 
shape and behavior of force production (i.e. 
onset of torque production) was carefully 
performed. The peak-to-peak amplitude of the 
SOL M-wave associated with each twitch 
response was measured from the soleus EMG 
signal to ensure that the effective stimulus of 
the nerve was not altered during the protocol. 
  

Figure 7: Example of an individual twitch showing the 
analyzed twitch parameters during ongoing muscle length 
changes. (Source: Gago et al., 2014a).  

Figure 8: Representation of the electromechanical delay 
(EMD) measured via manual and automatic processes. 
(Source: manuscript IV). 



 

 29 

Figure 9: A) Ultrasound images from the plantar flexor tendon unit with 
the muscle–tendon junction (MTJ) displacement (b) from tendon origin (M5) 
at 0, 30 and 50 % of the MVIC. B) Achilles tendon length (ATL) and torque 
curves behavior at each MVIC level Yellow zones represent 1.5 second 
periods at each level. (Source: adapted from Fig 2A and B in Gago et al., 
2014b). 

3.5.3 Analysis of Achilles tendon stiffness (Study II) 
 
The kinematic data associated with each submaximal isometric plantar flexion contraction before and 
after the conditioning MVIC was exported, filtered and down-sampled from 130 Hz to 13 Hz using 
Visual3D (version 4, C-Motion, USA) and MATLAB (version R2012b, Mathworks, USA) software. 
Two-dimensional coordinate data from the myotendinous junction (MTJ) position attained from the 
frame-by-frame ultrasound video using Qualisys Video Analysis (QVA, version 3.5, Qualisys, 
Sweden) was transformed into a global coordinate system using a custom MATLAB script.  
Achilles tendon length (ATL) was calculated knowing that:  
 
Achilles tendon displacement (b) = MTJ – Achilles tendon insertion marker (M5)  
 
where:  
 
MTJ = Probe origin + Ultrasound video coordinates of the MTJ. 
 
Fig 9A gives a good representation of the tendon displacement (b) in relation to the tendon origin 
(M5) at different intensity levels. Achilles tendon length (ATL) data was then exported as a text file 
and imported to Spike2 software to be converted to a waveform and merged with the data acquired 
from the isokinetic dynamometer and EMG signals.  
For each submaximal plantar flexion before and after the conditioning MVIC, the mean torque and 
mean ATL was measured in three separate 1.5 s periods: with the muscles relaxed prior to the MVICs, 
and at the 30% and 50% MVIC levels (Fig 9B). These values were then imported into an Excel 
spreadsheet and Achilles tendon stiffness ATS at 30% and 50% of MVIC was calculated as: 
 
ATS30%= Torque at 30%MVIC−Torque at relaxation (Nm)

Tendon length at 30% MVIC−Tendon length at relaxation(mm)
 

 
 
ATS50% = Torque at 30%MVIC−Torque at relaxation (Nm)

Tendon length at 30% MVIC−Tendon length at relaxation(mm)
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3.5.4 Analysis of passive stiffness (Study IV) 
 
The foot plate of the isokinetic dynamometer moved the subject foot from 15º plantar flexion to 15º 
dorsiflexion at an angular velocity of 30º/s. Torque and joint angles were continuously recorded during 
the entire passive range of movement Custom written software was used to attain torque values in a 2º 
step increments from 0 to 15º dorsiflexion.    
 
In manuscript IV passive stiffness was measured as the slope of the torque-angle curve from 5º to 10º 
dorsiflexion in the dorsiflexion movement. Additionally we have recently approached the passive 
stiffness calculation with a more reliable and valid method. In the latest, the torque–angle data was 
exported to Origin software (Version 9.0, OriginLab, Northampton, MA) where curve-fitting, using a 
second-order polynomial function, was performed and the experimental constants a, b and c for each 
passive dorsiflexion movement (i.e. 3 pre and 8 post MVIC) were retrieved 
 

𝑇(𝜃) = 𝑎𝜃2 + 𝑏𝜃 + 𝑐 
 
The slope of the curve was taken as the passive stiffness index  
 

𝑃𝑆𝐼 = 2𝑎 
 
The current curve fitting model and passive stiffness index measurement (PSI) has been suggested to 
be a good and valid alternative to other stiffness measurement models since it provides stiffness 
information from a whole range of motion and torque levels (108). 

3.5.5 Muscle activity and co-activation (Studies I to IV) 
 
In addition to the M-wave peak-to-peak analysis associated with each supramaximal twitch, muscle 
activity analysis was performed by calculating the root-mean-square (RMS) of the sEMG amplitudes 
(EMGrms) using the same 6-second window as was used in the MVIC mean torque value calculations. 
Additionally, in the second session of Study II (i.e. repeated submaximal contractions pre and post 
MVIC), the EMGrms was extracted from a 1.5 second window within each level of torque production 
(30 and 50% of the MVIC). SOL and TA EMGrms in Studies I to IV, and MG EMGrms in Studies II and 
III were analyzed and compared between sessions. In Study II, EMGrms data were analyzed pre and 
post MVIC during the submaximal contractions, with pre levels serving as baseline values. In Study 
III, EMGrms  data from MVIC during the extended knee position were used as the baseline value.  

3.5.6 Mean torque values and duration (Studies I to IV) 
 
A custom script written with Spike 2 software was used to calculate the angular impulse of the 
conditioning MVIC as the area under the torque-time curve during the later rising and falling of the 
curve in Studies I and IV. In Studies II and III, the mean torque of the MVIC was measured between 
the earlier rising and falling of the torque curve. The mean torque values for the submaximal 
contractions in Study II were performed with a 1.5 second window in the mid-late portion of each 
submaximal contraction. MVIC mean torque values were analyzed between sessions and/or modes for 
all the studies. In Study II, mean torque values were analyzed pre and post MVIC during the 
submaximal contractions with a baseline correction for each submaximal contraction set (i.e. 
subtracting baseline torque values from the mean where pre levels served as normalization values). In 
Study III, normalization was performed according to values attained during MVIC at the extended 
knee position.  
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3.5.7 Consistency between trial and sessions (I to IV) 
 
Time of stimulation in Studies I to IV and Isomed 2000 shaft rotation in Studies I and IV were 
digitally controlled by Spike2 software (Spike2, version 7.0, CED, Cambridge, England). To 
standardize the MVIC duration and timing between tested modes in Studies I and IV, audio signals 
were triggered from the Spike2 software to a loud speaker. In Studies II and III, submaximal and/or 
maximal contractions timing and duration were standardized via two custom-made sound files 
produced using Audacity v2.0.3 (open source software). One sound file controlled and standardized 
the duration of the 6-second MVIC and a second sound file controlled the rest time between the 
submaximal and maximal contractions to exactly match the timing of the electrical stimulus at the first 
session. 
 

3.6 Statistical analysis (Studies I to IV)  
 
Statistical analysis was performed in Statistica (Versions 10 and 12, StatSoft Scandinavia AB, 
Uppsala, Sweden). For Studies I to IV, Shapiro Wilks W-tests were performed to check the data for 
normality. Furthermore, intraclass correlation coefficients (ICC2,k), were calculated to assess 
consistency between modes and/or sessions for the MVIC (i.e. mean force and duration), and 
consistency in twitch variables (e.g. PT, RTD, RT, and SOLM-wave) within the three control twitches. 
In Studies I and IV, repeated measures ANOVAs were used to determine statistical differences 
between modes for absolute values of the MVIC variables (area under curve, duration), as well as 
between control assessments for all twitch related variables (e.g. PT, RTD) before being averaged to a 
single control mean value. Study II and III data were statistically approached by performing either a 
dependent t-test, or in case of normality violation, a Wilcoxon test. Additionally, in Studies I and III, 
typical error as a coefficient of variation (CV), expressed in percent, was calculated between the three 
control trials for the main parameters (e.g. PT, RTD) in order identify the lowest meaningful change 
(59). 
Absolute values for each dependent variable associated with each mode were statistically tested with 
factor “Time” (i.e. before and at different time points after the conditioning MVIC) by performing 
separated repeated measures ANOVAs. Comparisons of dependent variables between modes were 
performed via repeated measures ANOVAs on normalized values (i.e. % difference from pre MVIC 
values) with the factors “Time” and “Mode”. Wherever a significant main effect or an interaction of 
factors was found a Tukey post-hoc test was applied. Exceptionally, a Fischer post-hoc test was used 
in study IV. Differences were considered as significant at p<0.05. Pearson product moment correlation 
coefficients (r) were used to investigate possible associations between dependent variables in Studies I 
and IV. 
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4 Results and Discussion 

 

4.1 Consistency of the control measurements (Studies I to IV) 
 
The duration and mean torque values of the maximal and submaximal voluntary isometric contractions 
in Studies I, II and IV did not significantly differ between modes. ICC2,k values for mean torque values 
from submaximal and maximal isometric contractions ranged from 0.767 to 0.987. Mean MVIC 
duration across all studies ranged between 5.7 ± 0.4 to 6.4±0.4 s. ICC2,k values between trials ranged 
from 0.531 to 0.761. MG, SOL and TA EMGrms values associated with each submaximal contraction 
showed ICC2,k values ranging from 0.775 to 0.980, with no significant changes post MVIC. 
ICC2,k values for twitch contractile properties (i.e. PT, RTD,RT10-90 or TTP and HRT) and SOL M-
wave in Studies I, II, III and IV ranged from 0.875 to 1.000. Control values for Achilles tendon 
stiffness in Study II, and the passive stiffness index in Study III also presented good ICC2,k values 
ranging from 0.752 to 0.922.  
Based on these results we can state that the reliability of the methods and analysis could be considered 
very good to excellent.  

4.2 Amplitude and duration of PAP effects in the isometric mode (Studies I 
to IV)  

 
PAP effects on twitch properties (i.e. PT, RTD, RTR, RT and HRT) in an ankle neutral position were 
fairly consistent between studies. A fair representation of the overall PAP effects on twitch variables 
in the isometric mode (Studies I to IV) can be seen in Study II Figs 4 and 5. For practical reasons both 
figures are presented here as Fig 10.  
Significant main time effects (p<0.05) were identified between control values and post MVIC values 
(see studies I to IV for exact F values). Post-hoc tests revealed that the PAP effects across studies 
ranged from 3 to 5 minutes for PT, 1 to 3 minutes for RTD, 1 minute for RT or TTP, and 30 seconds 
to 1 minute for HRT. RTR was only measured in Studies I and IV, however, the behavior was similar 
to RTD with significant duration ranging from 3 to 4 minutes. 
Studies I to IV reported peak PT increases ranging from 60.6 ± 19.3 % to 71.6 ± 24.0 %, and RTD 
increases by 87.5 ± 21.0 % to 109.6 ± 35.7 %, whereas RT10–90 (TTP in Study IV) and HRT 
decreased significantly by 8.8% ± 8.1%, to 17.0 ±5.8 %, and 13.9% ± 14.6% to 18.7 ± 5.6 %, 
respectively. In Studies I and III, RTR ranged from 66.9% ± 23.5% to 57.3 ± 18.0 %. Previous studies 
investigating the same muscle group reported both slightly inferior (9, 53, 149) and superior (100) 
modulations to PT, RTD, contraction and relaxation time. Such variation may be related to several 
aspects discussed in section 1.2 of the present thesis (e.g. subject and CC characteristics). It is difficult 
to compare results between studies using different methods and sample groups, even if the tested 
muscle group is the same. While it appears that the behavior of the twitch PAP (i.e. peak effects and 
decay time) is fairly consistent across similar literature, such experiments are mainly performed in a 
neutral fixed ankle position and extrapolating the results to dynamic motions cannot be fully achieved 
without further investigation.  



 

 33 

 
  Figure 10:  Behavior of PAP effects on A) Peak twitch and rate of torque development and B) Rising time 

from 10 to 90 % of the peak twitch, and half relaxation time at different time points after the conditioning 
MVIC. Significant (p < 0.05) differences in peak twitch and Rising time are indicated by #, while differences in 
rate of torque development and half relaxation time relative to control trials (CT) are indicated by †. (Source: 
Gago et al., 2014b). 
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4.3 Modulations by muscle length, movement direction and speed (Studies 
I and III) 

4.3.1 Direction and speed (Study I) 
 
Study I was specifically designed to investigate the impact of movement direction and speed on PAP 
behavior. Due to the extensive results in Study I, condensed results and figures are presented in order 
to stress important points while maintaining the overall reasoning for the conclusions. A more 
extensive analysis can be found in the Appendix, section I. 
To the best of our knowledge, only one previous study tested and compared twitch potentiation during 
ongoing muscle length changes in humans. Babault et al., (2008) (3) reported significant PT, RTD and 
TTP enhancements during fast shortening in non-athletes following a 3 second conditioning MVIC . 
PAP dependency on movement direction was evident in PT and RTD between shortening and 
lengthening, and on speed between fast and slow shortening. Study I partially confirms Babault et 
al.’s, (2008) (3) results and the conclusion that PAP is generally maximized during fast shortening 
movements (Fig 11 A and B).  
 

 

 
However, from our data it is evident that PAP is not confined to shortening movements, and the 
dependency on direction and speed is not limited to twitch PT and RTD as Babault et al., (2008) (3) 
reported. As an example, the mean RTD PAP (mean of significant PAP values in all time points) was 
greater in the slow shortening (SHOslow) mode 35.7% ± 37.47% but still substantial in the slow 
lengthening (LENslow) mode (20.2% ± 26.76%). Furthermore, and interestingly with the exception of 
RTD, PAP was found to depend on angular speeds between fast lengthening (LENfast) and slow 
lengthening (LENslow) in PT and RT10-90, 5 s after MVIC (Fig 11 and 12 A), and between SHOslow 
and fast shortening (SHOfast) at 5 s in RTR, and up to 30 s in HRT. 
  

Figure 11: A) Peak twitch (PT) and B) Rate of torque development (RTD) PAP at different delays after 
the conditioning MVIC for the five different modes. Significant (P < 0.05) differences in degree of peak 
twitch PAP are as follows: # indicates differences between fast lengthening (LENfast) and fast shortening 
(SHOfast), † indicates differences between slow lengthening (LENslow) and slow shortening (SHOslow), 
Ø indicates differences between isometric and any other mode, and ω indicates differences between 
velocities within the lengthening modes. (Source: Gago et al., 2014a). 

 



 

 35 

For the RT10-90  results, all shortening modes exhibited a non-significant increase in RT10-90  90, while 
lengthening modes exhibited a significant decrease (Fig 12).  
 
 

 
Mean RT10-90 PAP in LENfast was -7.1% ± 8.8% and in SHOfast 1.0% ± 2.7%. Thus RT10-90   is the 
only twitch parameter that contradicts the greater overall potentiation seen in the remaining twitch 
properties during the SHOfast mode. While reporting Study I results, we did not have an explanation 
for RT10-90 behavior. However I would now like to propose a possible interpretation of these results. In 
Study I, isolated PT and RTD values were significantly enhanced for all modes. Thus the significantly 
faster, and slower, RT10-90 in the lengthening, and shortening modes, respectively, (Fig 11 B) was 
unexpected. RTD was positively correlated with both PT and RT10-90 in the shortening modes (values 
ranging from r= 0.74 to r= 0.99, p<0.05), and negatively with RT10-90 in the lengthening modes (values 
ranging from r= -0.88 to r= -0.94, p<0.05). Thus the different RT10-90 behavior between modes could 
be related to the different PT changes between modes. 
Considering RT10-90 as a function of the ratio between PT and RTD enhancements, normalizing RTD 
to PT (RTD/PT) values as suggested by O’Leary et al., (1997) (110) could give us relevant 
information. Using this method of analysis, RTD/PT peak PAP levels for lengthening movements 
ranged from 20.3±6.9 % to 24.8±6.5 %, while SHO ranged from -2.2±7.4 % to -9.3±6.6 % 
immediately after MVIC (unpublished re-analysis of Study I data). As in O’Leary et al., (1997) (110), 
RTD/PT values were significantly lower and less durable (up to 2 minutes) than compared to PAP 
levels of the isolated PT and RTD. Furthermore, the behavior and direction of the effects are 
interestingly similar to RT10-90  (Fig 12A). Such results imply that PAP effects could have a more 
relevant role during lengthening than previously reported. The relevance of such findings during 
eccentric performance deserves further attention.  
The mechanisms underlying PAP differences between direction of movement and angular velocities 
are unknown. As described in section 1.1.2 of the present thesis, twitch contractile properties can be 
linked to several factors. Since twitches in Study I were induced at virtually identical muscle lengths 
(peak twitch angle variation of 0.68 ± 2.24º across all modes) it is difficult to point out a possible 

Figure 12: A) Change in rising time (RT10–90) at different delays after the conditioning MVIC for the five 
different modes. Significant (P < 0.05) differences in degree of RT10–90 are as follows: # indicates differences 
between fast lengthening (LENfast) and fast shortening (SHOfast), † indicates differences between slow 
lengthening (LENslow) and slow shortening (SHOslow), Ø indicates differences between isometric and any 
other mode, and ω indicates differences between velocities within the lengthening modes. B) RT10–90 absolute 
values from pre (control values) and post MVIC at different time points. Significant (P < 0.05) changes from 
control values (Con) are represented by *. (Source: Gago et al., 2014a). 
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explanation without a substantial amount of speculation. Nevertheless, it is possible that different 
movement directions and velocities might induce different acto-myosin attachment angles (18) and/or 
calcium related ceiling effects. Independently of what mechanism might have caused such differences, 
we can state that functional enhancements from a conditioning MVIC might be expected to be greatest 
for fast concentric muscle actions. However, the relevance of PAP effects during lengthening, as well 
as the greater levels seen at normalized values (i.e. RTD/PT), deserves further attention.  
  
 

4.3.2 Length changes in the plantar flexor muscles (Study III) 
 
Kawakami et al., (1998) (69) state that while ankle angle variations change the overall architecture 
(i.e. fascicle length and pennation angle) of both the soleus and gastrocnemius, knee angle variations 
result in a drastic length change of the gastrocnemius only (69). In Study III, a shorter gastrocnemius 
muscle length, attained by a flexed knee position (69), should render the muscle more susceptible to 
PAP (17, 102, 120, 122, 149). Interestingly, in Study III, the extended compared to the flexed knee 
position yielded a significantly greater potentiation in PT (60.6 ± 19.3% versus 43.2 ± 8.4 %), RTD 
(87.5 ± 21.0 % versus 72.7 ± 32.7 %) and RTR (57.3 ± 18.0 % versus 42.6 ± 21.7 %), respectively, 5 s 
after the conditioning MVIC (Fig 13A and B).  
 

 
Such findings apparently contradict previous conclusions of a greater twitch potentiation at shorter 
muscle lengths imposed via ankle joint variations (102). Miyamoto et al., (2010) (102) used 
mechanomyografic recordings to study PAP of individual muscles at different ankle angles. They 
reported that with the exception of the most plantar flexed position, MG potentiated more than SOL. 
Furthermore, enhancement of the overall plantar flexor twitch torque was larger at the most plantar 
flexed position (i.e. shorter muscle length). The findings of Miyamoto et al., (2010) (102) indicated 
that potentiation is more pronounced at shorter muscle lengths, contrasting both with the results 
presented by Suter et al., (1997) (136), and with the slightly lower potentiation 5 s after MVIC in the 
flexed knee position seen in the present Study III. We believe that explanation of the present Study III 
results are beyond the individual PAP levels of a specific muscle. We have to consider that, 

Figure 13: A) Peak twitch (PT) and B) Rate of torque development (RTD) at different time points after 
the conditioning MVIC in the extended (black circle) and flexed (white square) knee positions. Significant 
(p<0.05) differences from control base line values in peak twitch are indicated by † for the extended knee 
and by # for the flexed knee position. Ø indicates differences between extended and flexed knee positions. 
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Figure 14: Difference between flexed and extended knee positions 
for the maximal voluntary isometric contraction (MVIC) mean torque 
values and root mean square of the associated electromyography signals 
from soleus (SOLRMS) and medial gastrocnemius (MGRMS). 
Significant (p<0.05) differences between extended and flexed knee 
positions are indicated with #. 

independent of possible greater PAP levels at the shortened gastrocnemius the length changes caused 
by a flexed knee are far more drastic than the shortening caused by a plantar flexed position (69). The 
flexed knee angle used in Study II probably places the gastrocnemius muscles at a length close to their 
active slack length, leading to a dramatic reduction in their contribution to plantar flexion force (69) 
and possibly neuromuscular inhibition as an efficiency strategy response (25, 72, 139). These 
mechanisms may underlie the significant differences (z=2.8 p=0.005) between MVIC plantar flexor 
torques (extended knee 227.4 Nm vs. flexed knee 150.4 Nm (34.0%)) and MGRMS (42.4±16.6) 
between extended and flexed knee positions, respectively (Fig 14), and thus result in a less than 
optimal CC for maximal PAP induction. However, as pointed out and tested by Vandervoort et al., 
(1983) (149), muscle length related 
differences in activation level during a 
conditioning MVIC does not affect the 
differences in levels of PAP induced. 
Furthermore, a flexed knee position would 
also induce severe fascicle angle increases 
at the gastrocnemius muscle only (69), 
impairing force transfer since the 
efficiency of force transmission to the 
tendon is determined by the cosine of 
fascicle angle (42, 69). Therefore, even if 
PAP was greater at shorter muscle lengths 
as suggested by Miyamoto et al., (2010) 
(102), the functional transfer of such 
effects to twitch torque might be limited 
by architectural sarcomere limitations and 
fascicle angle alterations. This could 
partially explain the lower twitch 
enhancements 5 s after MVIC at the 
shorter muscle length in the present study. 
The lack of significant differences 
between knee positions in RTD and at 30 s 
post MVIC in PT and RTR might also be 
related to an absence of SOL muscle 
architectural changes upon alteration of the knee angle (69), and unchanged SOL activation during 
MVIC between knee positions (Fig 14). Furthermore, since muscle cross-sectional area has been 
correlated to isometric force (92) and a cross-sectional area ratio of 6:2:1 has been previously reported 
for SOL, MG and the lateral gastrocnemius respectively (113), it is reasonable to believe that twitch 
property enhancements in both knee positions are more dependent on SOL potentiation levels. 
However, when the gastrocnemius is in a position where potentiation can be efficiently transformed 
into twitch force (extended knee position), the higher PAP of the gastrocnemius compared to SOL 
may be sufficient to compensate for the smaller cross-sectional area (i.e. 5 s after MVIC). In 
conclusion, twitch potentiation was not greater at the shorter muscle length as has been previously 
suggested, possibly as a result of a reduced force contribution from the gastrocnemius in the flexed 
knee position, rather than differences in muscle PAP levels per se.       
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4.3.3 Achilles tendon, passive stiffness index and electromechanical delay (Studies II 
and IV) 

 
As mentioned earlier in section 1.2 of the present thesis, MTU architectural and passive elastic 
components property changes (e.g. tendon stiffness) have been suggested to cause acute modulation to 
twitch properties post CC.  
Results from Studies II and IV reported no significant changes (p<0.05) in either Achilles tendon 
stiffness (ATS) or passive stiffness index (PSI) after a 6 s MVIC (Fig 15). In conjunction with 
previous ultrasound-based method studies using MVIC as stiffness measurement protocol (70, 77), 
and recent findings of absent architectural changes (i.e. fascicle length and pennation angle) post 
different MVIC variations (i.e. durations and intensity) (125), it is possible to state that a PAP 
induction protocol containing a single MVIC is sufficient to induce PAP without altering the 
properties and architecture of the MTU passive elastic components.  
 

 
However, MVICs can elicit high strain levels (106), and, as previously reported, stiffness modulations 
appear to be dependent on frequency and/or duration of the stimuli (111). Thus it is crucial that PAP-
related studies using complex CC approaches (e.g. 10x 90% of RM, 3x 5s MVIC) (for a review on the 
different PAP induction protocols used (see references (57, 144)) consider measuring the impact of 
their PAP induction protocol on muscle tendon stiffness in order to provide a deeper explanations for 
acute enhancements, or lack of, and inform researchers, trainers and athletes about possible safety 
concerns associated with such conditioning protocols. 
Being aware that muscle tendon stiffness measurements (e.g. ultrasound-based methods) can be time 
consuming, inaccessible or impractical for less equipped laboratories, and in experimental set ups  
requiring complex tasks (e.g. sprinting),we need to search for an alternative method that could 
accommodate those limitations and still provide valuable information related to stiffness changes after 
a CC. Electromechanical delay (EMD) appears to be a viable alternative since it had been previously 
used to provide such information by measuring changes in time lag between the onset of muscle 
activity via EMG signal and torque production (24, 32, 49, 150). Several studies had reported EMD to 
be mainly dependent on the time that it takes to stretch the SEC (21, 109), with some reporting twitch 
EMD to be strongly and negatively correlated to stiffness changes (49, 54). As an example, the 
training study by Grosset et al., (2009) (49) concluded that EMD could be used as a sensitive proxy of 
muscle tendon stiffness. In Grosset et al., (2009) (49), participants who performed 10 weeks of 

Figure 15: A) Achilles tendon stiffness at 30 and 50 % of the MVIC. B) Passive stiffness index (PSI). No 
significant (p < 0.05) changes occurred after the 6 s conditioning MVIC. (Source: A) Gago et al., 2014b. B) 
Manuscript IV). 
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plyometric training showed an increase in EMD (by 10.6 ± 2.9 %) and a decrease in muscle tendon 
stiffness (by 21 ± 2 %). In subjects who performed 10 weeks of endurance training, EMD reduced (by 
5.12 ± 1.2 %) and muscle tendon stiffness increased (by 19.6 ± 5.3 %). The changes in EMD were 
significantly associated with changes in muscle tendon stiffness (49), whereas twitch contractile 
properties such as PT, RTD, contraction and half relaxation time changes were not. However Esposito 
et al., (2011) (32) recently found a significant negative correlation between a decrease in peak tetanus 
torque and an increase in EMD post stretching, concluding that EMD changes occur both via short-
lived modulations to the E-C coupling process, and more prolonged MTU viscoelastic properties 
changes (32). Furthermore, Costa et al., (2010) (23) also reported strong negative correlations between 
EMD and twitch PT, and between EMD and RTD pre and post stretching. Esposito et al.’s, (2011) 
(32) and Costa et al.’s, (2010) (23) findings imply that modulations in the E-C coupling may have a 
more significant role in EMD modulations than previously stated (21, 109). This could be a problem in 
PAP-related studies if we consider that PAP may cause significant modulations in the E-C coupling. 
Thus we cannot simply export the conclusions that EMD may be used as a sensitive proxy of stiffness 
changes from studies using passive stretching CC or from chronic adaptation to training (49, 54). In 
Study IV, twitch contractile properties were, as expected, significantly and immediately enhanced after 
a 6 s MVIC (resembling the behavior of Figures 11 and 12). EMD in the isometric mode was 
significantly reduced by 10.68 ± 8.84 %; 8.82 ± 7.14 %, and 8.26 ± 5.73 % at 5, 30 and 60 s after 
MVIC, respectively (Fig 16). In the lengthening mode, EMD was significantly reduced after MVIC by 
6.72 ± 5.91 %; 4.04 ± 5.72 %, and 4.45 ± 
5.51 % at 5, 30 and 180 s after MVIC, 
respectively Additionally, in the shortening 
mode, EMD was also significantly reduced 
by 11.56 ± 5.64 %, 5.54 ± 6.84 % and 4.66 
± 3.96 % at 5, 30 and 60 s after MVIC (Fig 
16). Since no significant changes occurred 
in the passive stiffness index after CC (Fig 
15 B) it seems that EMD did not reflect the 
stiffness behavior, at least not in EMD 
assessments post maximal voluntary 
isometric conditioning contractions. 
Although we cannot exclude EMD as valid 
measurement of muscle tendon stiffness 
changes post CC, such as acute stretching 
or pre and post a training period as 
previously suggested (49, 54), it is unlikely 
that this measurement could provide valid 
muscle tendon stiffness information in 
PAP-related investigations, probably due to 
extensive E-C coupling modulations 
induced via PAP-related mechanisms. 
 
 
 
 
 
 
 
 
 

Figure 16: Electromechanical delay changes (%) from the control 
trials (CT) baseline values, to different time points after a 
conditioning MVIC. Significant (p<0.05) differences in peak twitch 
between CT to specific time points after MVIC are indicated by # for 
the isometric, ɸ for the lengthening, and † for the shortening mode. 
(Source: Study IV) 
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6 Reflections, conclusions and future perspectives 

 
Researchers involved in more applied experiments of PAP tend to overlook results from twitch-based 
studies, and systematic review studies rarely include studies of twitch potentiation (46, 144, 154). 
Although the present thesis did not focus on applied performance tasks, it provides some scientific-
based evidence that twitch PAP behavior could provide valuable information for more applied 
situations, and should definitely be integrated in future PAP-related applied studies. Hopefully the 
present thesis can somehow contribute to a greater awareness of how studies of electrically evoked 
twitches can improve the mechanistic understanding of how PAP might enhance performance.  
From our experimental results we can state that a simple brief maximal isometric contraction can 
enhance muscle contractile properties for up to 5 minutes without significant changes in Achilles 
tendon stiffness or in the overall passive stiffness index. Therefore, it is reasonable to assume that the 
acute twitch potentiation reported in the present thesis is likely a reflection of improvements in 
mechanisms within the muscle. Furthermore, although PAP behavior dependency on speed and muscle 
length was limited to the first 5s post MVIC, the results imply that athletes might expect the greatest 
benefits from PAP during fast concentric muscle actions without possible side effects from stiffness 
shifts following a brief maximal CC. However, it should be pointed that PAP was still significantly 
evident during muscle lengthening. Further investigation should be carried out to assess the relevance 
of PAP during the eccentric phase of movement. 
We made an effort to investigate a simple and practical method that could provide information related 
to stiffness changes post CC. Unfortunately, twitch electromechanical delay did not reflect the 
stiffness behavior post CC. Other methods should be tested so that future studies using different PAP 
induction protocols can provide information related to possible stiffness modulations before 
interpreting acute effects, and recommend as specific PAP induction protocol.  
As mentioned during the present thesis, the external validity of the results is limited. They concern 
highly trained athletes, a specific CC (6-s MVIC) and specific muscle group (plantar flexors). This 
could be interpreted as a limitation. However, we need to first ask whether PAP would be relevant for 
an inactive/active population and consider that although the plantar flexors are a relatively simple 
muscle complex, plantar flexion has been shown to contribute to up to 25 % of jumping performance 
(63, 66, 87) and up to 28% of running performance (11, 66).  
We believe that in order to achieve a greater understanding of PAP phenomenon, future studies should 
combine performance tasks, twitch and tetanus potentiation analysis, as well as histochemical and 
biochemical analysis in the same subjects.  
From a more applied view it is important to stress that PAP varies greatly between individuals, which 
might result in controversial results between studies. However, for the individual athlete, PAP 
induction protocols should be considered and integrated as part of the warm-up routine as a trial and 
error process so that each athlete attains a tailored PAP induction protocol that matches both his/her 
current status and characteristics, maximizing performance in a specific sport event.   
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