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ABSTRACT 

THE INFLUENCE OF SARCOMEROGENESIS ON THE HISTORY DEPENDENCE OF 
FORCE 

 

Jackey Chen 
University of Guelph, 2019 

Advisor: 
Dr. Geoffrey A. Power 

 

The increase/decrease in isometric force following active muscle lengthening/shortening, 

relative to a reference isometric contraction at the same muscle length and level of activation, are 

referred to as residual force enhancement (rFE) and residual force depression (rFD), respectively. 

The purpose of my thesis was to gain further mechanistic insight into the trainability of rFE and 

rFD, on the basis of serial sarcomere number (SSN) alterations to length-dependent properties. 

Maximal rFE/rFD measures from the soleus and extensor digitorum longus (EDL) of rats were 

compared after 4 wks of uphill/downhill running. SSN for the soleus were greater with downhill 

compared to uphill running, with a trend towards more SSN for the EDL from downhill compared 

to no running. In contrast, absolute and normalized rFE/rFD did not differ across training groups 

for either muscle. As such, it appears that training-induced SSN adaptations do not modify 

rFE/rFD at the whole-muscle level. 
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Chapter 1: Introduction 

	
The history dependence of force is an intrinsic property of skeletal muscle that has been 

investigated from individual sarcomeres (Joumaa and Herzog, 2010; Joumaa et al., 2008; Johnston 

et al., 2016; Leonard et al., 2010) to the whole-human level (Dalton et al., 2018; de Ruiter and de 

Haan, 2003; Hahn et al., 2007, 2012; Lee and Herzog, 2002; 2003, Oskouei and Herzog, 2005, 

2006; Pinniger and Cresswell, 2007; Rousanoglou et al., 2007; Seiberl et al., 2012, 2013; Tilp et 

al., 2009), and is fundamental to a complete understanding of muscle contraction. Residual force 

enhancement (rFE) and residual force depression (rFD) are two history-dependent (HD) force 

phenomena, characterized by increases and decreases in isometric force following active 

lengthening and shortening, respectively, in comparison to a reference isometric contraction 

(Abbott and Aubert, 1952; Chapman et al., 2018; Herzog, 2004; Minozzo and Lira, 2013; Rassier 

and Herzog, 2004b; Seiberl et al., 2015a). The magnitude of rFE is shown to be dependent on the 

amplitude of muscle lengthening and largely independent of lengthening velocity (Abbott and 

Aubert, 1952; Edman et al., 1978; Herzog and Leonard, 2002, 2005; Julian and Morgan, 1979; 

Fukutani et al., 2019b), while rFD appears to be strongly and positively related to the work (i.e., 

product of force × length change) of muscle shortening (Herzog and Leonard, 1997; Herzog et al., 

2000; Lee et al., 2000). Suggested mechanisms include length-dependent contributions from non-

contractile elements (i.e., titin) during lengthening for rFE (Herzog, 1998; Noble, 1992; Labeit et 

al., 2003; Nishikawa et al., 2012, 2019; Shalabi et al., 2017; Joumaa and Herzog, 2014; Rode et 

al., 2009), and stress-induced angular actin deformations that impair cross bridge attachments 

during shortening for rFD (Joumaa et al., 2018; Maréchal and Plaghki, 1979). Given that rFE and 

rFD are likely to be intertwined in everyday movements (e.g., during stretch-shortening cycles), a 

means of maximizing rFE and/or minimizing rFD – the former being associated with increased 
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neuromuscular economy (i.e., more force per unit of activation (Jones et al., 2016; Paquin and 

Power, 2018)) and reduced adenosine triphosphate usage (Joumaa and Herzog, 2013) – would be 

desirable to improving motor efficiency. 

While there have been recent investigations into the plasticity of the history dependence of 

force in states of altered contractile capacity (Dargeviciute et al., 2013; Power et al., 2012a, 2012b, 

2013, 2014a, 2014b; Ramsey et al., 2010; Ruiter et al., 2000; de Ruiter and de Haan, 2003), there 

is still little work looking into its trainability (Chen and Power, 2019; Siebert et al., 2016). Prior 

studies have demonstrated contraction-type-dependent morphological adaptations with training, 

whereby eccentric loading leads to increases in fascicle lengths/serial sarcomere numbers 

(Butterfield and Herzog, 2005; Franchi et al., 2014; Lynn and Morgan, 1994; Lynn et al., 1998; 

Reeves et al., 2009; Timmins et al., 2016) and concentric loading leads to decreases in fascicle 

lengths/serial sarcomere numbers (Butterfield and Herzog, 2005; Lynn and Morgan, 1994; Lynn 

et al., 1998, Timmins et al., 2016). Considering that rFE and rFD are length-dependent properties, 

eccentric- and concentric-biased training could potentially modify rFE and rFD through respective 

increases and decreases to the number of sarcomeres in series that modulate the amplitude of 

sarcomere lengthening and shortening experienced for a given muscle length change. A study by 

Chen and Power (2019) found that rFE (but not rFD) was differentially increased by chronic (4-

wk) concentric resistance training and decreased by chronic eccentric resistance, owing to a 

combination of mechanical and neurological factors. While there was ultrasound evidence of 

fascicle length adaptations, the data were obtained from a small subset of the participants. As such, 

it remains to be elucidated: (i) what mechanical factors were responsible for the alterations to 

history-dependent force properties, and (ii) whether these alterations would persist after 

accounting for supposed serial sarcomere number differences. 
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Therefore, the purpose of my thesis was to gain additional mechanistic insight into the 

trainability of the history dependence of force. We employed a model of uphill- and downhill-

running rats to allow for an isolated (in vitro) approach to investigate muscle contractile properties 

and sarcomerogenesis. It was hypothesized that for an absolute muscle length change, rFE and 

rFD would increase following concentric training and decrease following eccentric training, owing 

to a respective reduction and addition of sarcomeres in series. However, should differences in 

rFE/rFD persist after normalizing for presumed serial sarcomere number discrepancies, 

mechanisms other than lengthening/shortening amplitudes must contribute to the modifiability of 

the history dependence of force following chronic incline/decline running.   
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Chapter 2: Review of the Literature 

	
2.1. The history dependence of force 

Our current understanding of muscle contraction is founded on Hill’s muscle model and 

Huxley’s sliding filament theory (Hill 1938, 1953; Huxley, 1957). According to their models, force 

production is dictated by a muscle’s length, which governs the relative contribution from 

contractile (actin and myosin) and elastic (in series and parallel) elements. However, these models 

fail to account for the influence of prior active muscle length changes on subsequent isometric 

contractions, which increase isometric force following active lengthening (i.e., residual force 

enhancement) and decrease isometric force following active shortening (i.e., residual force 

depression). Collectively, these intrinsic properties of muscle are referred to as, ‘the history 

dependence of force’, which has been investigated for over 60 yrs (Abbott and Aubert, 1952), from 

individual sarcomeres (Joumaa and Herzog, 2010; Joumaa et al., 2008; Johnston et al., 2016; 

Leonard et al., 2010) to the whole-human level (Dalton et al., 2018; de Ruiter and de Haan, 2003; 

Hahn et al., 2007, 2012; Lee and Herzog, 2002; 2003, Oskouei and Herzog, 2005, 2006; Pinniger 

and Cresswell, 2007; Rousanoglou et al., 2007; Seiberl et al., 2012, 2013; Tilp et al., 2009). 

  

2.1.1. Residual force enhancement 

Residual force enhancement (rFE) is defined as the increase in steady-state isometric force 

following active lengthening, relative to a reference isometric (ISO) contraction at the same muscle 

length and level of activation (Abbott and Aubert, 1952; Chapman et al., 2018; Herzog, 2004; 

Minozzo and Lira, 2013; Rassier and Herzog, 2004b; Seiberl et al., 2015a). The magnitude of rFE 

is shown to be dependent on the amplitude of muscle lengthening and largely independent of 

velocity (Abbott and Aubert, 1952; Edman et al., 1978; Herzog and Leonard, 2002, 2005; Julian 
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and Morgan, 1979; Fukutani et al., 2019b). Values of rFE have been reported to range from 3% to 

25% in humans (Seiberl et al., 2015a). In addition to being long lasting (i.e., > 20 s), the elevated 

force persists even upon muscle deactivation, which is referred to as passive force enhancement 

(pFE), and eludes to the contribution of passive forces to rFE (Herzog and Leonard, 2002; 2005; 

Lee and Herzog, 2002; Lee et al., 2007; Herzog, 2019). Consequently, when force is matched 

between the rFE and ISO conditions, an activation reduction (AR) can be observed, whereby motor 

unit/electromyographic activity (Altenburg et al., 2008; Dalton et al., 2018; Jones et al., 2016; 

Paquin and Power, 2018; Seiberl et al., 2012) and adenosine triphosphate (ATP) usage (Joumaa 

and Herzog, 2013) is reduced in the rFE state. Lastly, it seems that rFE is not solely mechanical in 

nature, as indicated by increased cortical excitability (i.e., motor-evoked potentials) and decreased 

spinal excitability (i.e., cervicomedullary-evoked potentials) in the maximal and submaximal rFE 

states, respectively (Hahn et al., 2012; Sypkes et al., 2018). In other words, it appears that rFE has 

the potential to modulate and/or be modulated by the central nervous system. 

 

2.1.2. Residual force depression 

In contrast to rFE, residual force depression (rFD) is characterized by the deficit in steady-

state isometric force following active shortening, relative to an ISO contraction (Abbott and 

Aubert, 1952; Chapman et al., 2018; Herzog, 2004; Minozzo and Lira, 2013; Rassier and Herzog, 

2004b; Seiberl et al., 2015b). The magnitude of rFD appears to be strongly and positively related 

to the work (i.e., product of muscle force × displacement) performed during active shortening 

(Herzog and Leonard, 1997; Herzog et al., 2000; Lee et al., 2000) and is long lasting (Abbott and 

Aubert, 1952; Herzog et al., 1998). Values of rFD have been reported to range from 5% to 39% in 

humans (Chen et al., 2019). Similar to rFE, when force is matched between rFD and ISO 
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conditions, more motor unit (i.e., electromyographic) activity (i.e., activation increase; AI) is 

required in the rFD state (Altenburg et al., 2008; Jones et al., 2016; Paquin and Power, 2018). rFD 

is also associated with corticospinal influences, whereby a reciprocal relationship between 

decreased cortical and increased spinal excitability may exist in the maximal rFD state, and spinal 

excitability is increased in submaximal conditions (Grant et al., 2017; Sypkes et al., 2017). 

 

Figure 1. Schematic rFE and rFD traces, adapted from Herzog (2004). [Residual] force enhancement (FE) following 
stretch, and [residual] force depression (FD) following shortening of an activated muscle. [Residual] force 
enhancement and force depression are measured at steady state against a purely isometric reference contraction (FREF) 
at the final length of the stretch and shortening test contractions. rFE/FE, residual force enhancement; rFD/FD, 
residual force depression. 
 

2.1.3. Mechanisms of rFE 

 While the phenomena of rFE and rFD have been well characterized, the underlying 

mechanisms remain to be elucidated. To date, a total of four theories have been proposed to explain 

the phenomenon of rFE. The first mechanism to be discussed is (i) the role of sarcomere length 

non-uniformities, which proposes that inherent sarcomere length instabilities along the descending 
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limb of the force-length relationship results in most sarcomeres stretched minimally along the 

descending limb (i.e., more optimally) and a few that are elongated until caught by passive forces, 

resulting in greater total force production (Morgan, 1990, 1994). However, according to this 

model, rFE should not exist on the stable ascending limb and the steady-state forces should not 

exceed maximal isometric forces; yet, the existence of both these cases have largely discounted 

the contribution of sarcomere length non-uniformities to rFE (Rassier and Pun, 2010; Peterson et 

al., 2004; Pun et al., 2010). 

 

 

Figure 2. Sarcomere length non-uniformity theory for rFE, adapted from Herzog et al. (2015). Isometric contractions 
of muscles on the descending limb of the force-length relationship are thought to occur with sarcomeres of uniform 
lengths (black circle and gray square). However, if a muscle is stretched from a short length (black circle) to a long 
length (gray square), some sarcomeres are thought to become overstretched (popped, right black diamond) while 
others are thought to be stretched only minimally (left, black diamond), thus producing an average sarcomere length 
the same as that of the long isometric contraction (gray square), but producing more force because of the more 
favorable position of the short sarcomeres (left, black diamond) and the passive forces of the overstretched sarcomeres 
(right, black diamond). FE/rFE, residual force enhancement. 
 

Another possible mechanism that has been considered is (ii) an increased proportion of 

attached cross bridges, as supported by the concomitant increase in muscle stiffness (Herzog and 

Leonard, 2000; Sugi and Tsuchiya, 1988) and slower rate of force decay upon deactivation in the 

steady-state following active lengthening (Rassier et al., 2003). In line with this idea, one study 
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demonstrated higher normalized rFE values when activated with lower [Ca2+], supposedly 

enabling a greater increase in the population of attached cross bridges after active lengthening 

(Minozzo and Rassier, 2013). However, subsequent evidence showed that while normalized rFE 

is greater for states of reduced contractile force as result of lower ISO forces, absolute rFE values 

were not similarly affected, thereby, challenging the notion of more cross bridge formations in the 

rFE state (Fukutani and Herzog, 2018b). In addition to an increased number of attachments, 

temperature-dependent studies have also eluded to (iii) a greater proportion of strongly-bound 

cross bridges, wherein colder temperatures may facilitate greater stretch-induced transitions from 

weakly- to strongly-bound conformations (Lee and Herzog 2008; Roots et al., 2012). However, 

experiments that treated muscles with magnesium adenosine diphosphate (MgADP) and 2,3-

butanedione monoxime (BDM) to bias cross bridges in strongly- and weakly-bound states, 

respectively, found no effect on rFE, suggesting that the temperature dependence of rFE may be 

owing to factors other than the ratio of weakly- vs. strongly-bound cross bridges (Pun et al., 2010; 

Minozzo and Rassier, 2013; Fukutani and Herzog, 2018b). 

Perhaps the most promising mechanism proposed thus far, given its length dependence and 

passive force implications, is (iv) the contribution from non-contractile elements to rFE, first 

eluded to by the stretch-induced force enhancement that persists after deactivation (i.e., passive 

force enhancement). Specifically, the role of the giant molecular spring titin has been implicated, 

whereby the presence of Ca2+ induces a stiffening of the PEVK domain and a binding of the N2A 

region to the actin filament, effectively decreasing the free-spring length of titin and increasing its 

stiffness (Herzog and Leonard, 2005; Noble, 1992; Labeit et al., 2003; Rode, 2009; Nishikawa et 

al., 2012; 2019; Shalabi et al., 2007). Additionally, rotation of the actin filament during cross 

bridge cycling could lead to winding of titin’s PEVK region around actin (Nishikawa et al., 2012), 
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further decreasing titin’s free-spring length and increasing its stiffness (dubbed the ‘winding 

filament’ hypothesis). This theory is consistent with observations of increased Ca2+ sensitivity in 

the rFE state (i.e., greater isometric force following active lengthening, relative to an ISO 

contraction, for the same [Ca2+]) when titin is intact (Joumaa and Herzog, 2014; Nishikawa et al., 

2019), and is also theorized to play a role in rFD (Rode et al., 2009).  

 

2.1.4. Mechanisms of rFD 

 At present, a total of six theories have been proposed to explain rFD. The first two 

mechanisms discussed are pertaining to a shortening-induced inhibition of cross bridge 

attachments, which appear to be related to (i) stress-dependent conformational changes to actin 

and (ii) cross bridges in weakly- or strongly-bound states. The role of stress-induced actin 

deformations in rFD was first suggested by Maréchal and Plaghki (1979), which proposed that 

actin filaments entering the newly-formed actin-myosin overlap region during active shortening 

undergo angular strains that lead to an inhibition of cross bridge attachments, as evidenced by the 

concomitant reduction in muscle stiffness (Maréchal and Plaghki, 1979). This model was further 

established by strong positive relationships between rFD and work of shortening (Herzog and 

Leonard, 1997; Herzog et al., 2000; Lee et al., 2000), whereby greater magnitudes of stress and 

overlap result in greater actin distortion/cross bridge impairment, as well as by recent evidence 

from small angle x-ray diffraction for an untwisting of thin filaments in the rFD state (Joumaa et 

al., 2018). Moreover, activation with MgADP to bias cross bridges into strongly-bound states has 

been shown to reduce rFD (Pun et al., 2010); while it might have been appealing to propose that 

rFD is associated with a shortening-induced disengagement of weakly-bound cross bridge 

attachments relating to conformational changes in actin, conflicting reports of lower absolute and 
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normalized rFD values with BDM (which biases cross bridges into weakened states) suggests 

otherwise (Lee and Herzog, 2009). Therefore, while cross bridge dynamics are likely altered in the 

rFD state, it remains unclear whether weakly- or strongly-bound cross bridges are also involved. 

 

 

Figure 3. Mechanism of shortening-induced cross bridge impairment for rFD, adapted from Herzog (2004). Schematic 
illustration of a sarcomere going from a long to a short length. The arrow without label indicates the area of actin-
myosin overlap prior to shortening. The arrow labeled “n” shows the newly formed overlap zone between actin and 
myosin caused by shortening. It has been suggested that force depression may occur because of the stress-related 
inhibition of cross bridge attachment in the newly formed overlap zone (n). rFD, residual force depression. 
 

An attractive length-dependent mechanism that bridges the gap between rFE and rFD is 

the giant protein titin, which may act as a viscoelastic spring during/after active lengthening but 

conversely serve as a (iii) “sticky spring” during/after active shortening (Rode et al., 2012). Upon 

muscle activation, Ca2+-dependent binding of titin to actin would subsequently impair cross bridge 

attachment in the newly-formed actin-myosin overlap zones during shortening. Furthermore, 

stiffening of titin could contribute to decreased or negative/distending passive force during/after 
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active shortening (Rode et al., 2012). While a ‘sticky-spring’ titin mechanism would fall in line 

with the positive relationship between rFD and the work of shortening (Herzog and Leonard, 1997; 

Herzog et al., 2000; Lee et al., 2000), the fact that rFD is abolished upon deactivation casts doubt 

on this theory. This ‘sticky-spring’ picture becomes even more difficult to reconcile when stretch-

shortening cycles (SSCs) are introduced, which appear to attenuate rFD (Bullimore et al., 2008; 

Seiberl et al., 2015b; Fortuna et al., 2017, 2018; Fukutani et al., 2017a; 2018a; 2019a). More 

specifically, in a SSC, the preceding stretch appears to attenuate the subsequent shortening-

induced deficits to isometric force, in a rFE-dependent (Fortuna et al., 2017, 2018; Fukutani et al., 

2019a) and tendon-independent (Fukutani et al., 2019c) manner, which suggests some bleed-over 

effect between history-dependent (HD) force properties (Lee et al., 2001). 
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Figure 4. ‘Sticky-spring’ mechanism for rFE and rFD, adapted from Rode et al. (2009). Schematic of the active (high 
calcium concentration) half-sarcomere: (top) at an initial length lhs[0] on the descending limb of the active force-length 
relationship; (middle) after stretch from lhs[0]; (bottom) after shortening from lhs[0]. All actin, myosin and titin (its 
molecular spring part is colored) filaments are represented with one specimen each. The long axis length ratios, as 
well as the number of myosin heads correspond to physiological values. (top) The PEVK region (yellow) is attached 
to actin at myosin binding sites (black dots). The length of titin’s proximal Ig region, PEVK region, and distal Ig 
region attained under the initial passive force fpass[0] is depicted. (middle) The sum of the length changes ∆lPEVK and 
∆ldist_Ig equals the stretch distance. (middle, enlarged view) The ‘sticky-spring’ force fsticky equals the sum of attachment 
forces fatt_i pulling on the PEVK-actin attachments and fpass[0]. (bottom) Inhibition of cross bridges by PEVK-actin 
attachments are illustrated.  
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Meanwhile, less favourable mechanisms, such as (iv) the inhibition of Ca2+ affinity during 

shortening (Edman, 1996), (v) the accumulation of fatigue-like metabolites (Granzier and Pollack, 

1989), and (vi) sarcomere length non-uniformities (Morgan, 1990, 1994) have also been suggested. 

However, in order for hypotheses 4 and 5 to hold true, force should quickly recover after shortening 

(iv) and persist after muscle deactivation (v), respectively; yet, rFD is shown to be long lasting 

(Abbott and Aubert, 1952; Herzog and Leonard, 2000) and is quickly abolished upon deactivation 

(Abbott and Aubert, 1952; Herzog and Leonard, 1997). Lastly, in a similar vein to rFE, sarcomere 

length non-uniformities have been suggested to contribute to a few, strong sarcomeres that take on 

most of the shortening while the majority of sarcomeres shorten minimally along the descending 

limb of the force-length relationship, resulting in worse overall lengths for force production. 

However, as previously mentioned, this model is unlikely to account for rFD, given that rFD has 

also been shown to occur on the stable ascending limb of the force-length relationship (Rassier 

and Pun, 2010; Peterson et al., 2004; Pun et al., 2010). 

 

2.2. Neuromuscular influences on the history dependence of force 

2.2.1. Muscle fibre type 

 The first study investigating muscle fibre type differences in rFE and rFD was carried out 

by Ramsey et al. (2010), which compared rFE in the soleus (SOL) and extensor digitorum longus 

(EDL) of rats. Ramsey et al. (2010) reported ~55% greater normalized rFE values for the EDL, 

which is comprised of primarily (95%-100%) type II fibres, compared to SOL, which is primarily 

(75%-80%) type I fibres. The authors speculate that the expression of shorter, stiffer titin isoforms 

in predominantly fast-twitch muscles (Horowits et al., 1986; Horowits, 1992; Prado et al., 2005; 

Freiburg et al., 2000) may contribute to the fibre type differences in rFE. Similarly, Joumaa et al. 
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(2015) reported 1.8× greater normalized rFD values for type II than type I fibres from rabbit psoas 

and SOL muscle for absolute shortening speeds of 0.115 fibre lengths/second. However, these 

fibre-type-dependent rFD differences were abolished when shortening speeds were normalized to 

17% of unloaded shortening velocity, indicating that initial differences were solely due to distinct 

force-velocity relationships, whereby, type II fibres can produce more force (and thus, work) for a 

given velocity of shortening. In contrast to prior studies, Pinnell et al. (2019) found no fibre type 

differences for rFD or rFE in human single fibres of the vastus lateralis (VL) at 

shortening/lengthening speeds of 0.23 fibre lengths/second, and may be due to fewer fibre type 

differences in titin isoforms within a single muscle (i.e., VL) compared to across different muscles 

(i.e., EDL vs. SOL vs. psoas) (Fry et al., 1997; Prado et al., 2005). 

 

2.2.2. Muscle architecture 

 Given that rFE and rFD are intrinsic length-dependent force properties of muscle, the 

question arises, whether differences in force-generating potential as a result of muscle architectural 

changes also affect history-dependent properties. On this very basis, Tilp et al. (2011) 

hypothesized that fascicle length and pennation angle differences between the HD and ISO states 

may be responsible for rFE and rFD during voluntary contractions, but ultimately found no HD 

architectural differences for the human tibialis anterior (TA). Fukutani et al. (2017b) later 

expanded this rFD investigation into the ankle plantar flexors (i.e., medial gastrocnemius) and 

confirmed that neither fascicle lengths nor pennation angles contribute to rFD for the plantar 

flexors or dorsiflexors in humans. Even in older adults, which were shown to have ~18% shorter 

and ~22% less pennate VL muscles than their young counterparts (in addition to greater rFE), 

Power et al. (2013) found no age-related fascicle length or pennation angle differences between 
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HD and ISO states that could contribute to rFE during maximal voluntary contractions (MVCs) of 

the knee extensors. As such, architectural changes during HD contractions do not appear to be 

responsible for rFD or rFE, although the amount of in-series compliance may affect the ISO 

contraction. 

 

2.2.3. Muscle-tendon unit compliance 

 When Raiteri and Hahn (2019) increased the stiffness of human TA muscle-tendon unit 

(MTU) at the onset of a ‘fixed-end’ (i.e., isometric) contraction via a small, quick joint rotation, 

they found that isometric force was increased, owing to reduced internal shortening of fascicles 

upon activation. In other words, even for isometric contractions where no joint angle changes 

occur, MTU compliance appears to play a role in rFD, whereby a more compliant tendon permits 

greater fascicle shortening, and thus, more absolute shortening-induced rFD (and vice versa). On 

the other hand, utilizing a tendon-absent model, Fukutani et al. (2019c) reported that elongation of 

the Achilles tendon had no influence on the magnitude of rFD during SSCs, which had previously 

been hypothesized in humans to contribute to a storage and release of elastic energy or an 

optimization of muscle length changes. As a result, it appears that attenuations to rFD in a SSC is 

likely due to other factors such as, pre-activation and rFE (Fukutani et al., 2019c). 

 

2.2.4. Level of activation 

 Based on results from the only study to directly investigate the HD EMG-force relationship 

thus far, normalized values of rFE (~5%) and rFD (~14%) for the human dorsiflexors appear to be 

similar for TA activation levels between 20% and 100% MVC (Paquin and Power, 2018). 

Whereas, Oskouei and Herzog (2006) determined that increasing levels of activation (10%, 30%, 
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and 60% MVC) led to greater absolute values of rFE, as well as more responders (i.e., 10/12 

subjects exhibiting rFE at 60% MVC vs. 4/12 at 10% MVC), for the human adductor pollicis. 

Therefore, the level of neuromuscular activation appears to affect absolute, but not normalized, 

values of rFE. Moreover, for ‘fixed-end’ (isometric) contractions, where internal shortening of 

fascicles can occur, decreasing levels of activation result in lower absolute amplitudes of 

shortening-induced rFD, owing to a smaller magnitude of internal shortening and a potential 

triggering of rFE-related mechanisms as force drops and fascicles actively relax/lengthen (Raiteri 

and Hahn, 2019). In short, for conventional HD contractions that compare back to an ISO 

contraction, the level of activation likely influences absolute values of rFE and rFD. However, if 

ISO contractions were adjusted for any potential internal shortening of fascicles, it might reveal 

underestimations of rFD and possible overestimations of rFE in the literature. 

 

2.3. rFE and rFD in acutely and chronically altered neuromuscular states 

2.3.1. Neuromuscular fatigue 

 One of the most common perturbations encountered by the neuromuscular system is 

neuromuscular fatigue, which is defined as an exercise-induced reduction to a muscle’s ability to 

develop force or power (Boyas and Guevel, 2011). The first study to investigate the history 

dependence of force in this impaired capacity was carried out by Ruiter et al. (2000) on the human 

adductor pollicis. Utilizing 50 Hz stimulations of the ulnar nerve to elicit a series of isokinetic 

shortening contractions, Ruiter et al. (2000) determined that a 50% deficit to isometric force did 

not alter normalized rFE values. Likewise, de Ruiter and de Haan (2003) found that, regardless of 

activation manner (i.e., voluntarily- or electrically-activated contractions) or shortening velocity, 

normalized rFD was not different between fatigued and unfatigued conditions for the human 
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adductor pollicis, ultimately indicating that the history dependence of force (at least, with respect 

to normalized values) is preserved in fatigued states. 

 

2.3.2. Natural adult aging 

Using a naturally adapted model of muscle weakness (i.e., adult aging), Power et al. sought 

to evaluate the association between HD forces and age-related deficits in power. In the first 

endeavour, Power et al. (2012a) compared rFE between young (26.1 ± 2.7 yrs) and old (76.0 ± 6.5 

yrs) human adult males during dorsiflexion MVCs and reported ~2.5x higher normalized rFE 

values for the old group. A positive association (R2 = 0.57) between maintenance of eccentric 

strength and greater rFE with old age suggests a common age-related mechanism, such as 

increased series elastic stiffness (Power et al., 2012a). While these age-related differences in rFE 

were not mirrored by findings from Power et al. (2013) on the knee extensors, older males 

demonstrated a greater non-contractile contribution (i.e., pFE) to rFE at long muscle lengths, 

supporting the role of increased series elastic stiffness with old age in rFE. Further evidence for 

the age-related relationship between MTU stiffness and rFE can be found from Power et al. 

(2014a), which reported an association (R2 = 0.33) between slower decay of eccentric force 

transients and elevated pFE values for the knee extensors and dorsiflexors of old adult males. 

Lastly, Power et al. (2014b) compared dorsiflexor rFD and power between young and old adult 

males and found that normalized rFD was 60-70% greater for older males, and was associated (R2 

= 0.32) with 37% less power. Taken together, these results indicate that the weakened 

neuromuscular system of older adults may be more susceptible to HD influences than younger 

adults.  
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2.3.3. Exercised-induced muscle damage 

 Muscle damage can serve as an effective means of teasing the non-contractile components 

from the contractile in the history dependence of force. When Ramsey et al. (2010) subjected the 

SOL and EDL muscles of rats to a series of damaging eccentric contractions, normalized rFE 

increased ~6-fold. The authors speculated that the increase to rFE with stretch-induced muscle 

damage may be a consequence of increased strain of non-contractile proteins as a mechanical 

stimulus for muscle adaptation/remodelling pathways (Ramsey et al., 2010). Moreover, a study by 

Power et al. (2012b) on the human ankle dorsiflexors found that an eccentric-induced 30% loss in 

eccentric torque and 36% loss in isometric torque lead to an ~100-250% increase in normalized 

rFE, owing to the maintenance of force from stretched non-contractile structures. Therefore, it 

appears that eccentrically-induced muscle damage exaggerates rFE by emphasizing the non-

contractile components involved. Whereas, increases to rFD in response to eccentric muscle 

damage may be due more to altered cross bridge dynamics; Dargeviciute et al. (2013) reported a 

prolonged weakness and up to 2× more absolute rFD of the knee extensors after a series of 50 

unaccustomed eccentric drop jumps, which did not fully recover after 72 hr, leading the authors to 

suspect that eccentric-induced muscle damage causes sarcomeric disorganization that exaggerates 

actin deformation during shortening. In summary, eccentric-induced muscle damage appears to 

exaggerate HD force properties by disrupting contractile structures and emphasizing the relative 

contribution of non-contractile structures to total force production. 

	
2.3.4. Resistance training 

 To date, only two studies have investigated the modifiability of the history dependence of 

force with training. Siebert et al. (2016) sought to compare normalized rFE in the knee extensors 

of weightlifters to non-weightlifting athletes, but found no differences between the two groups. In 
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contrast, work by Chen and Power (2019) demonstrated that normalized rFE (but not rFD) is 

increased following concentric and decreased following eccentric training. Discrepancies between 

the two studies may lie in differing research designs (i.e., cross sectional vs. randomized 

controlled), subject comparisons (i.e., weightlifters and non-weightlifting athletes vs. trained and 

untrained limbs), and muscle groups (knee extensors vs. ankle dorsiflexors). Therefore, further 

investigations into the trainability of the history dependence of force are warranted; specifically, 

what muscular factors underpin the observations by Chen and Power (2019)? 

 

2.4. Neuromuscular adaptations to eccentric and concentric resistance training 

2.4.1. Muscle strength and hypertrophy 

 While it is well established that chronic resistance training improves strength and induces 

muscle hypertrophy, differences in mode-specific training adaptations are less clear. The general 

consensus is that eccentric-biased resistance training, particularly at high intensities exceeding 

maximal concentric limits, is associated with greater increases to total (i.e., average of isometric, 

eccentric, and concentric) and eccentric (but not concentric) strength than concentric-biased 

resistance training (Roig et al., 2009; Isner-Horobeti et al., 2013; Baroni et al., 2015). However, 

strength gains from eccentric training tend to be velocity-specific; improvements are more 

pronounced with faster training velocities (Farthing and Chilibeck, 2003; Shepstone et al., 2005; 

Paddon-Jones et al., 2001) and when testing and training velocities are similar (Roig et al., 2009). 

Meanwhile, differences in cross-sectional area (CSA) with eccentric vs. concentric training are 

unclear (Franchi et al., 2017). Moreover, eccentric training appears to preferentially promote 

growth in distal regions of muscle, whereas concentric training promotes growth in mid-belly 

regions (Franchi et al., 2014). In the context of the history dependence of force, increases to 
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concentric strength (and thus, work) could hypothetically increase the absolute magnitude of rFD, 

with the potential for increases to normalized rFD, given that increases to concentric work occur 

independently from isometric force. Additionally, evidence of increased muscle stiffness (as a 

proxy of attached cross bridges) in the rFE state indicates a potential contractile role, which may 

be improved by strength-training. 

 

2.4.2. Muscle fibre hypertrophy and composition 

 In addition to whole-muscle CSA, changes to the CSA and proportion of type I and II 

muscle fibres have also been observed with resistance training. Specifically, eccentric training is 

associated with greater increases to CSA of type I (Shepstone et al., 2005) and type II (Shepstone 

et al., 2005; Hortobágyi et al., 1996, 2000; Vikne et al., 2006; Andersen and Aagaard, 2000) fibres, 

when compared to concentric training. Additionally, eccentric training (particularly, at faster 

speeds) may cause shifts towards type II or hybrid (i.e., MHC-I/IIa and IIa/x) fibre populations 

(Shepstone et al., 2005; Paddon-Jones et al., 2001; Raue et al., 2005; Andersen and Aagaard, 

2000); whereas, limited evidence indicates that concentric training can lead to decreases in MHC-

IIx fibre populations (Raue et al., 2005). Taken together, apparent increases to type II fibre CSA 

and populations with eccentric training might increase rFE and rFD, which are typically reported 

to be greater for type II fibres (Ramsey et al., 2010; Joumaa et al., 2015).  

 

2.4.3. Muscle architecture 

 Arguably one of the more intriguing adaptations, contraction-type-dependent differences 

in fascicle lengths and pennation angles with resistance training are reasonably established in the 

literature, with most studies reporting preferential increases to fascicle lengths following eccentric 
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training and increases to pennation angles following concentric training (Reeves et al., 2009; 

Franchi et al., 2014, 2017; Timmins et al., 2016). The increase in fascicle length, particularly in 

response to an unaccustomed bout of damaging eccentric exercise, is inferred in humans to be an 

increase to the number of sarcomeres in series, supposedly as means of avoiding the unstable 

descending limb of the force-length relationship (Franchi et al., 2017; Morgan, 1990). Whereas in 

rodent models, training-induced differences in serial sarcomere numbers have been directly 

investigated for the knee extensors of uphill- (i.e., concentric) and downhill- (i.e., eccentric) 

running rats (Lynn and Morgan, 1994; Lynn et al., 1998; Butterfield et al., 2005). 

Lynn and Morgan (1994) were the first to show that 1 wk of 16° decline running produced 

more serial sarcomeres than incline running (but not sedentary activity) in the vastus intermedius 

(VI) of rats. Expanding on these findings, Lynn et al. (1998) sought to explore associated length-

tension changes with serial sarcomere number differences resulting from downhill vs. uphill 

running. The authors reported a clear dependence of serial sarcomere counts on training modality 

and a strong correlation (R2 = 0.56) with optimum knee angle, whereby, the decline-trained group 

had comparatively more sarcomeres and longer optimal angles for the VI than the incline-trained 

group. However, clear evidence for a contraction-type-dependence of sarcomerogenesis was not 

presented until Butterfield et al. (2005), which reported fewer serial sarcomeres for the VI and VL 

of the uphill group, and more serial sarcomeres for the VI (but not VL) of the downhill group, after 

10 days of training, when compared to the sedentary control group. Discrepancy between the VI 

and VL may be explained by architectural differences, given that regional fibre (as opposed to 

MTU) strain appears to be a stronger determinant of sarcomere number adaptations (Butterfield 

and Herzog, 2006). In turn, these sarcomere number differences are expected to modulate the 

length-dependent properties of rFE and rFD for a given muscle length change. 
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2.4.4. Muscle-tendon unit compliance 

 As previously discussed, increases to muscle-tendon unit compliance during isometric 

contractions can serve to reduce the internal shortening of fascicles, and in turn, length-dependent 

rFD (Raiteri and Hahn, 2019). Resistance training (particularly, eccentric-biased) is associated 

with increases in tendon stiffness (Fouré et al., 2010; Kubo et al., 2007; Malliaras et al., 2013; 

Duclay et al., 2009; Arampatzis et al., 2007; Pousson et al., 1990) and CSA (Magnusson et al., 

2008), possibly as a means for optimizing the storage and release of elastic strain energy (e.g., 

during stretch-shortening cycles). Therefore, in the context of the history dependence of force, 

training-induced increases to tendon stiffness could not only attenuate fascicle shortening and rFD, 

but amplify fascicle lengthening and likely rFE as well, for a given MTU length change. 

 

2.4.5. Voluntary activation and neural drive 

 During maximal eccentric contractions, voluntary activation tends to be suppressed 

(Amiridis et al., 1996; Babault et al., 2001; Komi et al., 2000; Beltman et al., 2004; Duchateau and 

Baudry, 2014), which has been hypothesized to be due to decreased alpha motor neuron 

responsiveness (Westing et al., 1991; Aagaard et al., 2000), declines in motor drive (Duchateau 

and Enoka, 2016), and increases to presynaptic inhibition (Duchateau and Enoka, 2016), as 

facilitated by peripheral mechanisms (e.g., Golgi Ib or joint afferents). While morphological and 

architectural adaptations occur with training, improvements to muscular performance during the 

early phases (i.e., first 3-4 wks) of resistance training are largely attributed to neural factors in 

humans (Douglas et al., 2017). Specifically, eccentric resistance training is associated with 

increases to agonist activation (Hortobágyi et al., 1996; Higbie et al., 1996; Aagaard et al., 2000; 
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Vangsgaard et al., 2014), decreases to antagonist coactivation (Pensini et al., 2002), and increases 

to corticospinal drive (Duclay et al., 2008; Vangsgaard et al., 2014), with indication that decreased 

recruitment thresholds and increased discharge rates contribute to the former (Cormie et al., 2011; 

Van Cutsem et al., 1998; Duchateau and Baudry, 2014; Douglas et al., 2017). Therefore, on the 

basis that eccentric training could aid in overcoming neural inhibition during active lengthening 

contractions, eccentric training might also facilitate increases to force in the steady state following, 

thereby, increasing rFE. Furthermore, lower thresholds for recruitment may lead to a greater 

contribution from type II fibres during force production, which are more subject to HD influences 

(Ramsey et al., 2010; Joumaa et al., 2015). 

 

2.5. Conclusion 

 The history dependence of force is an intrinsic property of muscle across all functional 

scales and intensities of contraction, during both in vivo and in vitro approaches. The magnitude 

of rFE is largely dependent on the amplitude, but not velocity, of stretch, and is likely owing to 

contribution from non-contractile elements (i.e., titin). Whereas, rFD is strongly and positively 

related to the work of shortening, and likely involves an impairment of cross bridge attachments. 

However, rFE and rFD are not purely mechanical in nature, and are subject to neuromuscular 

influences such as, fibre type, age, muscle damage, and MTU compliance, but supposedly not 

factors like, activation level or fatigue. Given the multitude of ways the history dependence of 

force is affected by neuromuscular factors, resistance training serves as a compelling model to 

investigate the mechanisms underpinning rFE and rFD, in addition to being a potential avenue for 

improving the neuromuscular economy of HD movements. Ultimately, studying these HD force 
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properties can provide us with a more complete understanding of muscle contraction, which in 

turn, might generate insight into these principles might be applied to optimize force production.  
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Chapter 3: Methods 

	
3.1. Animals 

Thirty-one male CD® Sprague-Dawley IGS rats (sacrificial age: 18.8 ± 0.28 wks, weight: 

523.6 ± 11.0 g) were obtained (Charles River Laboratories, Senneville, QC, Canada) for study, 

with approval from the Animal Care Committee of the University of Guelph. Rats were housed in 

groups of three, with a max of two groups at any given time, and free fed a Teklad global 18% 

protein rodent diet (Envigo, Huntingdon, Cambs., UK) and water. After a week of acclimation to 

the new housing conditions, each rat was familiarized with running and assigned to one of three 

experimental groups: uphill running, downhill running, and sedentary control (i.e., no running 

intervention). Following the 20 days of exercise, rats recovered for 72 hrs before sacrifice via 

asphyxiation by CO2 followed by cervical dislocation, for experimental testing. 

 

3.2. Training protocol 

 One week prior to training, rats were familiarized with treadmill running (on a 0° grade). 

Rats in the exercise intervention groups (i.e., uphill/downhill running) were run 5 days/wk (i.e., 

Mon-Fri) on an EXER 3/6 animal treadmill (Columbus Instruments, Columbus, OH, USA) set to 

a 15° incline or decline for 20 training days, over a 4-wk period. Training sessions lasted 15 min 

on the first day and the daily duration was increased by 5 min/day, up to the target 35 min (by the 

fifth training day) for the remainder of the training period. At the start of each training session, rats 

were first introduced to a walking speed of 10 m/min, which was gradually increased to the 16 

m/min target running speed, at a rate of 1 m every min. Rats were provided with 2 min of rest after 

each 5 min bout. Running was encouraged with a firm tap or push from behind. Introduction into 
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the training protocol was staggered so that the subsequent group could begin training once the 

previous group was halfway through their training period. 

 

3.3. Experimental set up 

Following sacrifice, the soleus (SOL) and extensor digitorum longus (EDL) muscles were 

carefully harvested from the right hind limbs. Silk-braided sutures (USP 2-0, metric 3) were tied 

along the musculotendinous junctions and mounted to the force-length controller/transducers in 

the 806D Rat Apparatus (Aurora Scientific, Aurora, ON, Canada). The muscle was bathed in a 

~25°C Tyrode solution (121 mM NaCl, 24 mM NaHCO3, 5.5 mM D-Glucose, 5 mM KCl, 1.8 mM 

CaCl2, 0.5 mM MgCl2, 0.4 mM NaH2PO4, 0.1 mM EDTA) and bubbled with a 95% O2/5% CO2 

gas mixture (Praxair Canada Inc., Kitchener, ON, Canada) to a pH of ~7.4. A 701C High-Powered, 

Bi-Phase Stimulator (Aurora Scientific, Aurora, ON, Canada) was used to evoke all contractions 

via two parallel platinum electrodes, submerged in the solution, situated on either side of the 

muscle. Force, length, and stimulus trigger data were all sampled at 10,000 Hz with a 605A 

Dynamic Muscle Data Acquisition and Analysis System (Aurora Scientific, Aurora, ON, Canada). 

All data were analyzed with the 615A Dynamic Muscle Control and Analysis High Throughput 

(DMC/DMA-HT) software suite (Aurora Scientific, Aurora, ON, Canada).  

 

3.4. Experimental procedures 

 An experimental schematic is depicted in Fig. 5. Testing with each muscle proceeded in 

order from Protocol A to G, with the order of fixed and relative protocols being randomized within 

the rFD and rFE conditions. All rFD and rFE protocols consisted of an rFD/rFE trial and a 

reference isometric (ISO) trial. The rFD trials (in protocol C and D) always preceded the ISO trials 
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so as that the comparatively lower forces in the rFD trials could be attributed to shortening-induced 

deficits, as opposed to fatigue. Likewise, the ISO trials (in protocol E and F) always preceded the 

rFE trials so that the comparatively higher forces in the rFE trials could be attributed to 

lengthening-induced enhancements, rather than fatigue. Contractions in Protocols C to G were 

separated by 5 min intervals to minimize muscle fatigue. Prior to the start of the protocols, the 

muscle was passively set to a taut length (measured tie-to-tie) that exerted ~0.075 N of resting 

tension, as a starting point for approximating optimal lengths for tetanic force production (Lo). 

 Protocol A: Twitch current. Single 1.25-ms pulses were incremented by 0.5 mA (starting 

from 1 mA) until a current suitable to elicit peak twitch force was determined. 

Protocol B: Optimal length. A maximal tetanic stimulation (pulse width: 0.3 ms, duration: 

1 s, frequency: 100 Hz) was delivered before the muscle was passively shortened or stretched by 

2 mm and a subsequent stimulation was delivered 1.5 min later. This was repeated until peak 

tetanic force was obtained and the corresponding muscle length was measured. Once Lo was 

roughly determined, 1-mm and 0.5-mm increments were further used to more accurately establish 

Lo. 

Protocol C: Fixed rFD. The fixed rFD trial was comprised of 3 distinct yet continuous 

phases: a 1-s pre-activation at Lo+2 mm, a -2 mm/s isokinetic shortening to Lo-2 mm, and a 3-s 

isometric at Lo-2 mm. The ISO.S trial consisted of a 6-s isometric at Lo-2 mm. 

Protocol D: Relative rFD. The relative rFD trial was comprised of 3 distinct yet continuous 

phases: a 1-s pre-activation at 1.05Lo, a -2 mm/s isokinetic shortening to 0.95Lo, and a 3-s isometric 

at 0.95Lo. The ISO.S trial consisted of a 6-s isometric at 0.95Lo. 
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Protocol E: Fixed rFE. The fixed rFE trial was comprised of 3 distinct yet continuous 

phases: a 1-s pre-activation at Lo-2 mm, a +2 mm/s isokinetic lengthening to Lo+2 mm, and a 3-s 

isometric at Lo+2 mm. The ISO.L trial consisted of a 6-s isometric at Lo+2 mm. 

Protocol F: Relative rFE. The relative rFE trial was comprised of 3 distinct yet continuous 

phases: a 1-s pre-activation at 0.95Lo, a +2 mm/s isokinetic lengthening to 1.05Lo, and a 3-s 

isometric at 1.05Lo. The ISO.L trial consisted of a 6-s isometric at 1.05Lo. 

Protocol G: Final muscle assessment. A final tetanic contraction was performed at Lo to 

assess decreases in isometric force-generating capacity. 

 

 

Figure 5. Schematic experimental timeline. A. Determination of twitch current. B. Determination of Lo/Fo. C. Fixed 
rFD protocol. D. Relative rFD protocol. E. Fixed rFE protocol. F. Relative rFE protocol. G. Final muscle assessment. 
Lo, optimal muscle length; Fo, isometric force at optimal muscle length; rFD, residual force depression; ISO.S, short 
reference isometric; ISO.L, long reference isometric; rFE, residual force enhancement. 

	
3.5. Serial sarcomere number estimations 

 Following mechanical testing, muscles were removed from the bath, passively stretched to 

Lo (determined from protocol B), tied to wooden sticks, and fixed in 10% phosphate-buffered 

formalin for 48 hrs, rinsed with phosphate-buffered saline, and digested in 30% nitric acid for at 

least 6 hrs to remove connective tissue and allow individual muscles fascicles to be teased out 

(Butterfield et al., 2005). Six fascicles were carefully obtained from deep and superficial regions 
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of each muscle. Fascicle lengths (FL) were measured using 6 in/150 mm (resolution: 0.0005 

in/0.01 mm) electronic digital calipers (Marathon, Vaughan, ON, Canada). Sarcomere length (SL) 

measurements were taken over six different regions across the length of the fascicle via laser 

diffraction (Coherent, Santa Clara, CA, USA) with a 5 mW diode laser (beam diameter: 25 µm, 

wavelength: 635 nm) and custom LabVIEW program (Version 2011, National Instruments, 

Austin, TX, USA) (Lieber et al., 1984), for a total of 36 SL measurements per muscle. Serial 

sarcomere numbers (SSN) were calculated as: 

 

 Serial sarcomere number = fascicle length / avg. sarcomere length 

 

3.6. Data analyses 

 Steady-state isometric force values were calculated by subtracting active force 2-s and 1-s 

following the end of the active length change for the SOL and EDL, respectively, from passive 

force (resting baseline, pre-activation). Timing of ‘steady-state’ values were based on previous 

analysis of the rate of tension decay after stretch (Ramsey et al., 2010), in conjunction with visual 

confirmation from our own observations on the dissipation of force transients. Absolute rFE and 

rFD values (expressed in N/cm2) were calculated as the increase and decrease in isometric force 

following active lengthening and shortening, respectively, relative to the ISO contraction at the 

same time point into the active contraction (i.e., roughly 5-s and 4-s into the 6-s contraction for the 

SOL and EDL, respectively). Whereas, normalized rFE and rFD values (expressed as %ISO) were 

calculated as the percent difference in steady-state isometric force, relative to the ISO contraction, 

at the same time point. Similarly, pFE was calculated as the absolute and percent increase in 

passive force following active lengthening, relative to passive force (at rest, post-activation) of the 
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ISO contraction. Peak eccentric force values were taken as the highest value achieved during the 

active lengthening phase of the rFE trials. Work of shortening values were calculated as the force-

displacement integral for the active shortening phase of the rFD trials. All force and work values 

were normalized to physiological cross-sectional area (PCSA). Normalized fascicle length used to 

calculate PCSA in order to account for inconsistencies in Lo that arose during the muscle 

fixation/digestion process; calculated as: 

 

(1) Normalized fascicle length = fascicle length * (optimal sarcomere length / measured 

sarcomere length) 

Wherein, optimal sarcomere length was assumed to be 2.72 µm (based the average 

of all SL measurements) 

(2) Physiological cross-sectional area = muscle mass / (muscle density x normalized 

fascicle length) 

Wherein, muscle density was assumed to be 1.112 g/cm3 (Ward and Lieber, 2005) 

 

A two-tailed paired t-test was used to compare force values between the HD and ISO trials 

to ascertain the presence of rFE, rFD, and pFE. A two-way analysis of variance (ANOVA) with a 

Holm-Sidak analysis for all pairwise comparisons was used to compare SSN, SL, FL, Lo, and Fo 

values across muscles (SOL, EDL) and training groups (control, uphill, downhill). A three-way 

ANOVA with a Holm-Sidak analysis for all pairwise comparisons was used to compare peak 

eccentric force, work of shortening, rFD, rFE, and pFE values across muscles (SOL, EDL), 

training groups (control, uphill, downhill), and protocols (fixed, relative). Significance was set to 

an α = 0.05. All data are reported as means ± standard errors (SE).  
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Chapter 4: Results 

	
4.1. Muscle force and work 

 There was no effect of muscle (F(1,56) = 1.661, p = 0.203) or training (F(1,56) = 0.100, p 

= 0.905) for isometric force at optimal length (Table 1). There was a main effect of muscle 

(F(1,108) = 62.378, p < 0.001) for peak eccentric force, but no effect of training (F(1,108) = 0.126, 

p = 0.882) or protocol (F(1,108) = 0.895, p = 0.346), whereby the SOL produced 61% higher 

eccentric force than the EDL (Table 1). Furthermore, there was a main effect of muscle (F(1,108) 

= 19.043, p < 0.001) and protocol (F(1,108) = 4.167, p = 0.044) for work of shortening, but no 

muscle × protocol interaction (F(1,108) = 1.988, p = 0.161) or effect of training (F(1,108) = 

0.0522, p = 0.949), such that work performed during shortening was 37% greater for the SOL than 

EDL and 15% greater for the fixed compared to relative protocol (Table 1). 

In contrast, when normalized to PCSA, there was a main effect of muscle for specific (i.e., 

expressed in units/cm2) isometric force at optimal length (F(1,56) = 6.941, p = 0.011), specific 

peak eccentric force (F(1,108) = 65.911, p < 0.001), and specific work of shortening (F(1,108) = 

27.885, p < 0.001), but no effect of training (p ≥ 0.05) or protocol (p ≥ 0.05). Specifically, the SOL 

exhibited 34% higher specific isometric force, 96% higher specific eccentric force, and performed 

65% more specific work during shortening than the EDL across training groups and protocols 

(Table 1). 
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Table 1. Force and work values across the various training groups and protocols for the SOL and EDL (n = 31 male 
rats). Isometric force was not significantly different across muscles (p = 0.203) or training groups (p = 0.905). Peak 
eccentric force was 61% greater for the SOL than EDL. Work of shortening was 37% greater for the SOL than EDL 
(p < 0.001) and 15% greater for the fixed compared to relative protocol (p = 0.044). Normalized values of isometric 
force, eccentric force, and work of shortening were 34%, 96%, and 65% greater for the SOL than EDL, respectively 
(p < 0.05).  

 Soleus (SOL) Extensor Digitorum Longus (EDL) 
 Control Uphill Downhill Control Uphill Downhill 
Iso force, N 1.39 ± 0.07 1.21 ± 0.15 1.23 ± 0.17 1.10 ± 0.08 1.21 ± 0.08 1.15 ± 0.13 
Iso force, N/cm2* 9.51 ± 0.87 7.95 ± 1.47 9.03 ± 1.31 6.41 ± 0.66 6.95 ± 0.87 6.43 ± 0.89 
Fixed Protocol Control Uphill Downhill Control Uphill Downhill 
Ecc force, N* 2.44 ± 0.12 2.25 ± 0.25 2.29 ± 0.19 1.22 ± 0.14 1.47 ± 0.12 1.51 ± 0.20 
Ecc force, N/cm2* 16.78 ± 1.55 14.38 ± 2.23 16.90 ± 1.73 7.01 ± 0.91 8.32 ± 0.99 8.46 ± 1.31 
Con work, mJ*† 3.34 ± 0.22 2.99 ± 0.41 3.00 ± 0.43 1.96 ± 0.18 2.19 ± 0.19 2.23 ± 0.28 
Con work, mJ/cm2* 23.10 ± 2.46 19.82 ± 3.89 22.06 ± 3.48 11.37 ± 1.31 12.68 ± 1.90 12.59 ± 1.88 
Relative Protocol Control Uphill Downhill Control Uphill Downhill 
Ecc force, N* 2.23 ± 0.14 2.12 ± 0.29 2.07 ± 0.21 1.26 ± 0.16 1.39 ± 0.12 1.52 ± 0.22 
Ecc force, N/cm2* 15.48 ± 1.71 13.82 ± 2.62 15.37 ± 1.91 7.32 ± 1.12 7.86 ± 1.04 8.54 ± 1.46 
Con work, mJ*† 2.76 ± 0.19 2.35 ± 0.39 2.47 ± 3.57 1.85 ± 0.17 2.12 ± 0.27 2.09 ± 0.32 
Con work, mJ/cm2* 19.07 ± 2.00 15.69 ± 3.63 18.19 ± 2.88 10.77 ± 1.29 12.34 ± 2.20 11.92 ± 2.04 

Values are means ± SE. * Indicates an effect of muscle (p < 0.05). † Indicates an effect of protocol (p < 0.05). Iso 
force, isometric force at optimal muscle length; Ecc force, peak eccentric force; Con work, work of shortening. 
 

4.2. Serial sarcomere numbers and muscle length measures 

 There was an interaction of muscle × training (F(2,371) = 3.237, p = 0.040) for SSN, in 

addition to main effects of muscle (F(1,371) = 119.567, p < 0.001) and training (F(2,371) = 5.732, 

p = 0.004), indicating that SSN could not be predicted by one variable alone. There were 

significantly more SSN for the SOL than EDL (p = 0.001) across training groups and protocols, 

and the downhill group had significantly more SSN than both the uphill (p = 0.005) and control (p 

= 0.017) groups across muscles and protocols (Fig. 6). Within SOL, downhill running (95% CI = 

6992.2, 7237.1) resulted in 6% more SSN (p = 0.003) than uphill running (95% CI = 6515.0, 

6895.0), while SSN for the EDL did not significantly differ across training groups (p ≥ 0.05) (Fig. 

6). Moreover, there was a main effect of muscle for fascicle length (F(1,56) = 39.358, p < 0.001) 

and muscle length (F(1,52) = 604.518, p < 0.001), but no effect of training (p ≥ 0.05) for either 

dependent variable, such that the SOL had a 17% shorter muscle but 13% longer fascicles 
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compared to the EDL (Table 2). In contrast, there was no effect of either muscle (F(1,55) = 0.734, 

p = 0.395) or training (F(2,55) = 0.182, p = 0.834) on sarcomere lengths (Table 2). 

 

Figure 6. Mean ± 95% confidence intervals for SSN (n = 31 male rats). There was an interaction of muscle × training 
(p < 0.001) for SSN, in addition to main effects of muscle (p < 0.001) and training (p = 0.004). SSN within SOL were 
6% greater for the downhill compared to uphill group (p = 0.003), and within the EDL there was a trend (p = 0.056) 
towards 4% more SSN for the downhill compared to control. * Indicates a significant difference (p < 0.05). SSN, serial 
sarcomere numbers; SOL, soleus; EDL, extensor digitorum longus. 
 
Table 2. Muscle length measures across the various training groups for the SOL and EDL (n = 30 male rats). The 
SOL had a 17% shorter muscle (p < 0.001) but 13% longer fascicles (p < 0.001) compared to the EDL. However, 
there was no effect of training for either muscle length or fascicle length (p ≥ 0.05).  

 Soleus (SOL) Extensor Digitorum Longus (EDL) 
 Control Uphill Downhill Control Uphill Downhill 

SL, µm 2.75 ± 0.11 2.76 ± 0.14 2.77 ± 0.09 2.75 ± 0.05 2.62 ± 0.11 2.69 ± 0.11 
FL, mm* 18.60 ± 0.32 18.53 ± 0.51 19.33 ± 0.26 16.27 ± 0.51 16.89 ± 0.54 16.94 ± 0.26 
Lo, mm* 30.75 ± 0.86 30.62 ± 0.73 31.08 ± 0.51 36.88 ± 0.67 37.27 ± 0.86 37.70 ± 0.63 

Values are means ± SE. * Indicates an effect of muscle (p < 0.05). SL, average sarcomere length; FL, fascicle length; 
Lo, optimal muscle length. 
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4.3. Residual force depression 

 

Figure 7. Experimental data traces from the soleus, with the rFD contraction in gray and ISO.S contraction in black. 
Note the comparatively lower isometric force in the rFD condition for the same muscle length (and level of activation). 
rFD, residual force depression; ISO.S, short reference isometric. 
 

There was a main effect of muscle (F(1,108) = 11.892, p < 0.001) for absolute rFD 

(expressed in N/cm2), but no effect of training (F(2,108) = 0.440, p = 0.645) or protocol (F(1,108) 

= 2.793, p = 0.098). Absolute rFD was present across all training groups and protocols (p < 0.05) 

for both muscles, with 45% greater absolute rFD for the SOL than EDL (Fig. 8). Absolute rFD 

was positively and linearly associated with specific work of shortening (Fig. 9) for the SOL (R2 = 

0.71; F(1,29) = 70.292, p < 0.001) and EDL (R2 = 0.61; F(1,29) = 45.362, p < 0.001). In contrast, 

there was no significant relationship between absolute rFD and SSN (SOL: R2 = 0.051, p = 0.228; 

EDL: R2 = 0.107, p = 0.073), fascicle length (SOL: R2 = 0.012, p = 0.565; EDL: R2 = 0.104, p = 

0.077), or muscle length (SOL: R2 = 0.0004, p = 0.914; EDL: R2 = 0.113, p = 0.074) for either 

muscle. 

Likewise, there was a main effect of muscle (F(1,108) = 67.200, p < 0.001) for normalized 

rFD (expressed as %ISO.S), but no effect of training (F(2,108) = 0.295, p = 0.745) or protocol 
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(F(1,108) = 1.526, p = 0.219). Normalized rFD was present across all training groups and protocols 

(p < 0.05) for both muscles, with 2.1× greater normalized rFD for the EDL than SOL (Fig. 10). 

There was no significant relationship between normalized rFD and specific work of shortening 

(SOL: R2 = 0.028, p = 0.364; EDL: R2 = 0.026, p = 0.386), SSN (SOL: R2 = 0.087, p = 0.113; 

EDL: R2 = 0.001, p = 0.845), fascicle length (SOL: R2 = 0.051, p = 0.223; EDL: R2 = 0.001, p = 

0.845), or muscle length (SOL: R2 = 0.001, p = 0.851; EDL: R2 = 0.113, p = 0.074) for either 

muscle. 

 

Figure 8. Absolute rFD values across the various training groups and protocols for the SOL and EDL (n = 31 male 
rats). Absolute rFD was 45% greater for the SOL than EDL (p < 0.001) but was not significantly different across 
training groups (p = 0.645) or protocols (p = 0.098). Values are means ± SE. * Indicates an effect of muscle (p < 0.05). 
rFD, residual force depression; SOL, soleus; EDL, extensor digitorum longus. 
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Figure 9. Relationship between specific work of shortening and absolute rFD values across training groups during the 
fixed protocol for the SOL (black) and EDL (white) (n = 31 male rats). Specific work of shortening was positively 
and linearly associated with absolute rFD for both the SOL (R2 = 0.71, p < 0.001) and EDL (R2 = 0.61, p < 0.001). * 
Indicates a significant relationship (p < 0.05). rFD, residual force depression; SOL, soleus; EDL, extensor digitorum 
longus. 
 
 

 

Figure 10. Normalized rFD values across the various training groups and protocols for the SOL and EDL (n = 30 
male rats). Normalized rFD was 2.1× greater (p < 0.001) for the EDL than SOL but was not significantly different 
across training groups (p = 0.745) or protocols (p = 0.219) (n = 31 male rats). Values are means ± SE. * Indicates an 
effect of muscle (p < 0.05). rFD, residual force depression; SOL, soleus; EDL, extensor digitorum longus; ISO.S, 
short reference isometric. 
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4.4. Residual force enhancement 

	
 
Figure 11. Experimental data traces from the soleus, with the rFE contraction in gray and ISO.L contraction in black. 
Note the comparatively higher isometric force in the rFE condition (and comparatively higher passive force in the pFE 
condition) for the same muscle length (and level of activation). rFE, residual force enhancement; ISO.L, long 
reference isometric; pFE, passive force enhancement. 
  

There was a main effect of muscle (F(1,08) = 30.138, p < 0.001) and protocol (F(1,2) = 

0.0736, p = 0.004) for absolute rFE (expressed in N/cm2), but no significant muscle × protocol 

interaction (F(2,108) = 3.908, p = 0.051) or effect of training (F(2,108) = 0.0736, p = 0.929). 

Absolute rFE was present across all training groups and protocols (p < 0.05) for both muscles (Fig. 

12), wherein absolute rFE was 2.3x greater for the SOL than EDL across training groups and 

protocols, and 56% greater for the fixed compared to relative protocol across muscles and training 

groups. Absolute rFE was positively and linearly associated with specific eccentric force (Fig. 13) 

for the SOL (R2 = 0.57; F(1,29) = 39.108, p < 0.001) and EDL (R2 = 0.72; F(1,29) = 76.100, p < 

0.001). Whereas, there was no significant relationship between absolute rFE and SSN (SOL: R2 = 

0.0004, p = 0.913; EDL: R2 = 0.086, p = 0.110), fascicle length (SOL: R2 = 0.004, p = 0.744; EDL: 
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R2 = 0.079, p = 0.127), or muscle length (SOL: R2 = 0.012, p = 0.573; EDL: R2 = 0.001, p = 0.856) 

for either muscle. 

In contrast, there was a main effect of protocol (F(1,108) = 7.014, p = 0.009) for normalized 

rFE (expressed as %ISO.L), but no effect of muscle (F(1,108) = 0.759, p = 0.386) or training 

(F(2,108) = 0.805, p = 0.450). Normalized rFE was present across all training groups (p < 0.05) 

for both muscles, with 43% greater normalized rFE for the fixed compared to relative protocol 

(Fig. 14). There was no significant relationship between normalized rFE and specific eccentric 

force (SOL: R2 = 0.026; F(1,29) = 0.852, p = 0.364; EDL: R2 = 0.022; F(1,29) = 0.641, p = 0.430), 

SSN (SOL: R2 = 0.054, p = 0.216; EDL: R2 = 0.039, p = 0.284), fascicle length (SOL: R2 = 0.040, 

p = 0.280; EDL: R2 = 0.040, p = 0.280), or muscle length (SOL: R2 = 0.004, p = 0.747; EDL: R2 

= 0.006, p = 0.689) for either muscle. 

 

Figure 12. Absolute rFE values across the various training groups and protocols for the SOL and EDL (n = 31 male 
rats). Absolute rFE was 2.3× greater for the SOL than EDL (p < 0.001) and 56% greater for the fixed compared to 
relative protocol (p = 0.004), with no significant difference across training groups (p = 0.929). Values are means ± 
SE. * Indicates an effect of muscle (p < 0.05). † Indicates an effect of protocol (p < 0.05). rFE, residual force 
enhancement; SOL, soleus; EDL, extensor digitorum longus. 
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Figure 13. Relationship between specific eccentric force and absolute rFE values across training groups during the 
fixed protocol for the SOL (black) and EDL (white) (n = 31 male rats). Specific eccentric force was positively and 
linearly associated with absolute rFE for both the SOL (R2 = 0.57, p < 0.001) and EDL (R2 = 0.73, p < 0.001). * 
Indicates a significant relationship (p < 0.05). rFE, residual force enhancement; SOL, soleus; EDL, extensor digitorum 
longus. 
 

 

Figure 14. Normalized rFE values across the various training groups and protocols for the SOL and EDL (n = 30 male 
rats). Normalized rFE was 43% greater for the fixed compared to relative protocol (p = 0.009) but was not significantly 
different across muscles (p = 0.386) or training groups (p = 0.450). Values are means ± SE. † Indicates an effect of 
protocol (p < 0.05). rFE, residual force enhancement; SOL, soleus; EDL, extensor digitorum longus; ISO.L, long 
reference isometric. 
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4.5. Passive force enhancement 

There was a main effect of muscle (F(1,107) = 24.172, p < 0.001) for absolute pFE 

(expressed in N/cm2), but no effect of training (F(1,107) = 1.151, p = 0.320) or protocol (F(1,107) 

= 1.1491, p = 0.225). Absolute pFE was present across all training groups and protocols (p < 0.05) 

for both muscles, with 2.2× greater absolute pFE for the SOL than EDL (Fig. 15). Absolute pFE 

was positively and linearly associated with absolute rFE (Fig. 16) for the SOL (R2 = 0.41; F(1,29) 

= 19.897, p < 0.001) and EDL (R2 = 0.69; F(1,29) = 65.279, p < 0.001), amounting to 29% (0.71 

± 0.10 N/cm2) and 37% (0.30 ± 0.047 N/cm2) of the absolute rFE observed for the SOL and EDL, 

respectively. Furthermore, absolute pFE was positively and linearly associated with specific 

eccentric force (Fig. 17) for the SOL (R2 = 0.49; F(1,29) = 28.212, p < 0.001) and EDL (R2 = 0.65; 

F(1,29) = 53.236, p < 0.001). Meanwhile, for the SOL, there was no significant relationship 

between absolute pFE and SSN (R2 = 0.010, p = 0.596), fascicle length (R2 = 0.032, p = 0.341), or 

muscle length (R2 = 0.124, p = 0.061). Whereas for the EDL, there was weak but significant 

relationship between absolute pFE vs. SSN (R2 = 0.158; F(1,29) = 5.458; p = 0.027) and absolute 

pFE vs. fascicle length (R2 = 0.150; F(1,29) = 5.124, p = 0.031), but not between absolute pFE and 

muscle length (R2 = 0.003, p = 0.768). 

Similarly, there was a main effect of muscle (F(1,107) = 31.979, p < 0.001) for normalized 

pFE (expressed as %ISO.L), but no effect of training (F(1,107) = 1.152, p = 0.320) or protocol 

(F(1,107) = 0.149, p = 0.700). Normalized pFE was present across all training groups and protocols 

(p < 0.05) for both muscles, with 3.3× greater normalized pFE for the SOL than EDL (Fig. 18). 

There was no significant relationship between normalized pFE and normalized rFE for the SOL 

(R2 = 0.028, p = 0.367) but a significant, albeit weak, relationship for the EDL (R2 = 0.152; F(1,29) 

= 5.195, p = 0.030). Additionally, there was a weak but significant relationship between 
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normalized pFE and specific eccentric force for the SOL (R2 = 0.180; F(1,29) = 6.377, p = 0.017) 

and EDL (R2 = 0.223; F(1,29) = 8.300, p = 0.007). Finally, there was no significant relationship 

between normalized pFE and SSN (SOL: R2 = 0.0003, p = 0.927; EDL: R2 = 0.050, p = 0.225), 

fascicle length (SOL: R2 = 3.644 x 10-5, p = 0.974; EDL: R2 = 0.047, p = 0.240), or muscle length 

(SOL: R2 = 0.036, p = 0.327; EDL: R2 = 0.009, p = 0.617) for either muscle. 

 

Figure 15. Absolute pFE values across the various training groups and protocols for the SOL and EDL (n = 31 male 
rats). Absolute pFE was 2.2× greater for the SOL than EDL (p < 0.001) but was not significantly different across 
training groups (p = 0.320) or protocols (p = 0.225). Values are means ± SE. * Indicates an effect of muscle (p < 0.05). 
pFE, passive force enhancement; SOL, soleus; EDL, extensor digitorum longus. 
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Figure 16. Relationship between absolute pFE and absolute rFE values across training groups during the fixed 
protocol for the SOL (black) and EDL (white) (n = 31 male rats). Absolute pFE was positively and linearly associated 
with absolute rFE for both the SOL (R2 = 0.41, p < 0.001) and EDL (R2 = 0.69, p < 0.001). * Indicates a significant 
relationship (p < 0.05). pFE, passive force enhancement; rFE, residual force enhancement; SOL, soleus; EDL, 
extensor digitorum longus. 
 

 

Figure 17. Relationship between specific eccentric force and absolute pFE values across training groups during the 
fixed protocol for the SOL (black) and EDL (white) (n = 31 male rats). Specific eccentric force was positively and 
linearly associated with absolute pFE for both the SOL (R2 = 0.49, p < 0.001) and EDL (R2 = 0.65, p < 0.001). * 
Indicates a significant relationship (p < 0.05). pFE, passive force enhancement; SOL, soleus; EDL, extensor digitorum 
longus. 
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Figure 18. Normalized pFE values across the various training groups and protocols for the SOL and EDL (n = 30 
male rats). Normalized pFE was 3.3× greater for the SOL than EDL (p < 0.001) but was not significantly different 
across training groups (p = 0.320) or protocols (p = 0.700). Values are means ± SE. * Indicates an effect of muscle (p 
< 0.05). pFE, passive force enhancement; SOL, soleus; EDL, extensor digitorum longus; ISO.L, long reference 
isometric. 
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Chapter 5: Discussion 

	
 The purpose of my thesis was to determine whether the history dependence of force could 

be modified by contraction-type-dependent SSN adaptations. SSN and HD forces for the SOL and 

EDL muscles of rats were compared across training groups following 4-wks of uphill and downhill 

running. In accordance with our hypothesis, there were more SSN for the SOL with downhill 

compared to uphill running, and a trend towards more SSN for the EDL with downhill running in 

comparison to the control group. While SSN appeared to differ with training, HD forces were not 

similarly affected. Together, these results suggest that training-induced SSN adaptations do not 

modify whole-muscle in-vitro measures of rFD, rFE, and pFE in the lower hind limb muscles of 

rats. 

 

5.1. Serial sarcomere number adaptations 

 In the present study, SSN (Fig. 6) were consistent with the ~7500 count for the VL 

(Butterfield et al., 2005), with values across muscles ranging from ~3400 for the VI of rats (Lynn 

and Morgan, 1994; Lynn et al., 1998; Butterfield et al., 2005) to ~21,000 for the TA of rabbits 

(Butterfield and Herzog, 2006). While our 2.72 µm SL average was towards the higher end of the 

typical 2.4-2.8 µm range (Stephenson and Williams, 1982), values from this study were obtained 

from muscles (fascicles) passively fixed at Lo, as opposed to skinned fibres. As a result, the 

comparatively greater compliance of the muscle would have resulted in an elongation of in-series 

elements (i.e., sarcomeres) upon deactivation, and subsequently, an overestimation of SL when 

measured at a passive length. 

In line with previous findings (Lynn and Morgan, 1994; Lynn et al., 1998; Butterfield et 

al., 2005), downhill running resulted in 6% more SSN for the SOL when compared to uphill 
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running, but not a sedentary control group. Moreover, while SSN were not significantly different 

across training groups for the EDL, there was a trend (p = 0.056) towards 4% more SSN for the 

downhill vs. control group, indicating a potential stimulus for sarcomerogenesis with downhill 

running. Given that strain dynamics were not measured during training, insight into the actions of 

the SOL and EDL during uphill and downhill running have to be inferred based on previous 

observations. 

 During rat locomotion, soleus activity begins just prior to foot contact and ends 

immediately before foot lift-off, whereas EDL activity begins just after foot lift-off and ends 

immediately after foot contact (Nicolopoulos-Stournaras and Iles, 1984). This would imply that 

the SOL is loaded eccentrically during downhill running and concentrically during uphill running, 

which would support the findings of increased SSN with eccentric training and decreased SSN 

with concentric training (Butterfield et al., 2005; Butterfield and Herzog, 2006). While not 

statistically significant, the greater apparent number of sarcomeres for both training groups in 

comparison to the sedentary control suggests that the EDL performed eccentric contractions during 

downhill and uphill running, which may be explained by eccentric braking actions at the onset of 

foot contact. 

 

5.2. Strength measures 

 Perhaps contrary to expectations, training did not alter isometric forces, eccentric forces, 

and work of shortening for either muscle. However, unlike the strength-oriented resistance training 

employed by Chen and Power (2019), the main goal of our incline/decline-running model was to 

induce differential SSN adaptations, which has previously been demonstrated for the quadriceps 

muscles of rats (Lynn and Morgan, 1994; Lynn et al., 1998; Butterfield et al., 2005) and is partially 
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supported by the present findings for the lower hind limb muscles. Yet, SSN increases were not 

mirrored by increases in muscle length (Table 2) or force/work performed (Table 1). However, 

architectural adaptations at the level of the fascicle do not always translate to the whole muscle 

(Sharifnezhad et al., 2014), owing to factors such as pennation angles and connective tissue 

compliance, which mediate the transfer of forces across functional scales. Furthermore, there is 

the ever-present issue of ‘testing specificity’; assuming that neuromuscular adaptations are geared 

towards specific environmental perturbations, testing the muscle under different 

physiological/contractile conditions (i.e., in vitro) could likely wash out potential in-vivo responses 

(e.g., strain of specific muscle fibre regions during locomotion). Additionally, while SSN were 

significantly higher for the SOL following downhill vs. uphill running, from a functional 

standpoint, a 6% increase might not be sufficient to elicit prominent length-dependent changes in 

muscle force, as evidenced by the current results. 

 With respect to HD contractions, during a 4 mm muscle length change (i.e., in the fixed 

protocols) the 6% SSN difference for the SOL would roughly equate to an average sarcomere 

length change of 0.563 µm for the downhill group and 0.596 µm for the uphill group. However, 

this 0.033 µm sarcomeric difference is before accounting for confounding variables such as, 

pennation angle, connective tissue compliance, and sarcomere length non-uniformities. Therefore, 

irrespective of whether SSN adaptations also took place for the EDL, it is likely that SSN 

differences would not be large enough to promote length-dependent differences in force at the 

whole-muscle level. While it could be argued that longer training periods might lead to greater 

adaptations, Lynn and Morgan (1994) found that SSN counts peaked after just 1-wk of 

incline/decline running, with no further changes leading up to the end of the 3-wk training period. 
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However, it remains to be determined how steeper inclines/declines might affect training 

adaptations. 

 

5.3. Residual force depression 

 In line with the 8-72% rFD previously reported in vitro (Abbott and Aubert, 1952; 

Bullimore et al., 2007; Edman et al., 1993; Edman, 1975; Herzog and Leonard, 1997; Herzog et 

al., 1998; Joumaa and Herzog, 2010; Joumaa et al., 2012; Maréchal and Plaghki, 1979; Meijer, 

2002; Morgan et al., 2000; Pun et al., 2010; Sugi and Tsuchiya, 1988), steady-state isometric force 

values following active shortening were 13% and 28% lower than the ISO for the SOL and EDL, 

respectively. Normalized rFD was 2.1× greater for the EDL (which is comprised of 95-100% type 

II fibres) than the SOL (which is comprised of 75-80% type I fibres) (Eng et al., 2008; Close, 1964; 

Ranatunga and Thomas, 1990; Wigston and English, 1991), and is consistent with findings of 1.8× 

greater normalized rFD for type II compared to type I fibres from rabbit psoas and soleus muscle 

(Joumaa et al., 2015). On the other hand, absolute rFD was 45% greater for the SOL than EDL, 

contrary to the observations for normalized rFD. The discrepancy between relative and absolute 

values of rFD in the present study is most likely due to reduced contractile capacity of the 

predominantly fast-twitch EDL muscle (Brooks and Faulkner, 1991), as evidenced by the 

comparatively lower overall strength measures (Table 1). Given that the underlying factor 

contributing to rFD is a stress-induced impairment of cross bridge attachments during active 

shortening, it is not surprising then that a reduced capacity to perform work during shortening 

would result in lower absolute values of rFD (Fig. 9). However, after accounting for differences 

in isometric strength (i.e., reduced contractile capacity), normalized rFD was greater for the EDL, 

suggesting greater intrinsic rFD for fast-twitch muscles, owing to distinct force-velocity 
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relationships that facilitate the capacity to more produce work at a given shortening velocity, as 

compared with slow-twitch muscles (Joumaa et al., 2015). 

 Contrary to our hypothesis, absolute and normalized rFD values were not different 

following uphill and downhill training for either muscle, despite differences in SSN for the SOL, 

and possibly, EDL. As a result, it is possible that SSN adaptations were not prominent enough or 

specifically geared to evoke functional length-dependent differences under our in-vitro contractile 

conditions. The lack of training-induced alterations to rFD in the present study is consistent with 

findings from Chen and Power (2019), suggesting that neither SSN adaptations (in the present 

study) nor potential neurological adaptations (in Chen and Power, 2019) serve to modify rFD at 

the whole-muscle level. 

 

5.4. Residual force enhancement 

 In line with the 8-52% rFE previously reported in vitro (Abbott and Aubert, 1952; 

Bullimore et al., 2007; Edman et al., 1982; Koppes et al., 2013; Meijer, 2002; Peterson et al., 2004; 

Pun et al., 2010; Rassier and Pavlov, 2012; Sugi and Tsuchiya, 1988), steady-state isometric force 

values following active lengthening were 24% and 27% higher than the ISO for the SOL and EDL, 

respectively. Absolute rFE was 2.3× greater for the SOL than EDL while normalized rFE was not 

significantly different between muscles, contrary to observations from Ramsey et al. (2010) of 

~55% greater normalized rFE for the EDL compared to SOL muscle of rats. In argument against 

reports that absolute rFE is preserved in conditions of reduced contractile force (Fukutani and 

Herzog, 2018b; Rassier and Herzog, 2004a), we show that absolute rFE is strongly and positively 

associated with the force established during the active lengthening phase of the rFE contraction 

(Fig. 13), suggesting a strength-dependent component of rFE. 
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Although rFE is typically attributed to non-contractile elements (i.e., titin), contractile 

contributions (e.g., decreased cross bridge detachment) cannot be discounted (Rassier and Herzog, 

2004a; Lee et al., 2007; Pinnell et al., 2019). Furthermore, cross bridge cycling is necessary for 

the engagement of both contractile and non-contractile elements involved in rFE and pFE 

(Fukutani et al., 2019b, Lee et al., 2007; Pinnell et al., 2019; Rassier and Herzog, 2005; Rassier et 

al., 2003; Herzog and Leonard, 2002; Rassier and Herzog, 2004a). Therefore, with reduced 

contractile capacity, cross bridge kinetics would become impaired, leading to hypothetical 

decreases in cross-bridge- and/or titin-mediated force enhancement. As such, the lower absolute 

rFE for the EDL (relative to the SOL) is attributed to a reduced contractile capacity of muscle 

(Brooks and Faulkner, 1991), as evidenced by the comparatively lower overall strength measures 

for the EDL (Table 2). Conversely, after accounting for differences in isometric force (i.e., 

strength/weakness), normalized rFE was not different between the SOL and EDL, suggesting a 

lack of intrinsic difference for rFE between slow-twitch and fast-twitch muscles. While in contrast 

to Ramsey et al. (2010) and reports of stiffer titin isoforms for predominantly fast-twitch muscles 

(Horowits et al., 1986; Horowits, 1992; Mutungi and Ranatunga, 1996; Prado et al., 2005; Freiburg 

et al., 2000), observations from Fukutani et al. (2018b) of similar/greater absolute and normalized 

rFE values for the soleus (94.5% type I fibres) compared to psoas (100% type IIa fibres) muscle 

of rabbits (Prado et al., 2005) are in line with our findings. 

 Contrary to our hypothesis, absolute and normalized rFE values were not different 

following uphill and downhill training for either muscle, despite differences in SSN for the SOL, 

and possibly, EDL. In the same context as rFD, it is possible that the SSN adaptations were not 

prominent enough or specifically geared to evoke functional length-dependent differences under 

our in-vitro contractile conditions. The lack of training-induced alterations to rFE in the present 



	

50  

study is in agreement with Siebert et al. (2015), but in contrast to findings from Chen and Power 

(2019), which reported increases to rFE with concentric training and decreases to rFE with 

eccentric training. Discrepancies between this study and the one by Chen and Power (2019) may 

be due to differences in training protocols, neurological components, and study designs. Training 

in Chen and Power (2019) was predominantly load-focused, with in-vivo torque measurements 

performed in the presence of an intact neurological system, the latter of which is primarily 

responsible for strength adaptations (e.g., increased motor unit activation/decreased neural 

inhibition) within the early phases (i.e., first 3-4 wks) of resistance training (Douglas et al., 2017; 

Hahn, 2018). In contrast, the current training protocol involved a large aerobic component, with 

in-vitro force measurements performed independent of neurological contributions. Additionally, 

Chen and Power (2019) looked at within-individual comparisons (pre- and post-training), whereas, 

this study and the one by Siebert et al. (2016) compared values in a cross-sectional manner, which 

could have masked more minute responses. Ultimately though, the results suggest that length-

dependent alterations to HD properties via SSN adaptations do not serve to modify rFE (or rFD) 

at the whole-muscle level. 

 

5.5. Passive force enhancement 

 In line with the ~3-54% pFE previously observed in the literature (Herzog and Leonard, 

2002; 2005; Lee and Herzog, 2002; Lee et al., 2007), resting forces following active lengthening 

were 37% and 11% higher than those from the ISO for the SOL and EDL, respectively. 

Additionally, pFE contributed to 29% and 37% of the rFE for the SOL and EDL, respectively, 

which is consistent with the ~8-84% pFE-to-rFE ratio reported in the literature (Herzog and 

Leonard, 2002; 2005; Lee and Herzog, 2002; Lee et al., 2007), and highlights a common HD 
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mechanism. Considering that pFE is strongly and positively associated with rFE (Fig. 16), the 

simultaneously greater absolute and normalized pFE values for the SOL compared to EDL is in 

contrast to the greater absolute but similar normalized rFE observed. Disparity between normalized 

values of rFE and pFE is most likely owing to differences between the isometric references, 

wherein active force (for rFE) is diminished but passive tension (for pFE) is preserved with 

reduced contractile capacity. In other words, strength-related impairments to cross bridge cycling 

would lead to concurrent decreases in absolute rFE and pFE for the EDL (as illustrated by the 

strong, positive relationships to eccentric force in Fig. 13 and Fig. 17), but normalization to similar 

resting forces would not amplify pFE values like smaller ISO forces would to rFE. As a 

consequence, comparisons cannot be made regarding intrinsic differences in pFE between the SOL 

and EDL from this study. 

Although absolute values of pFE were not associated with SSN or fascicle lengths for the 

SOL, there were significant, albeit weak, relationships for the EDL, which highlight the length-

dependence of pFE for fast-twitch muscles (shown to possess stiffer titin isoforms). Yet, the fact 

that absolute and normalized pFE values were not different following uphill and downhill training 

for either muscle in the present study only further reinforces the idea that SSN adaptations were 

ineffective at inducing in-vitro, length-dependent alterations to HD forces at the whole-muscle 

level. 

 

5.6. Limitations 

 A major confounding factor was the reduced contractile capacity that arose during 

determinations of optimal muscle length via maximal tetanic stimulations. While Ramsey et al. 

(2010) reported no differences in specific force for the SOL and EDL, strength measures for the 
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EDL were comparatively lower than the SOL in our study. Twitch contractions were not used to 

determine optimal length because the force-length relationship is shown to be shifted rightwards 

for submaximal contractions (Rack and Westbury, 1969; Vaz et al., 2012). Consequently, reduced 

contractile capacity could have induced similar shifts in the force-length relationship, but given 

that SL were consistent between muscles (Table 2) and with the literature (Stephenson and 

Williams, 1982) indicates that optimal muscle lengths were accurately measured. Additionally, the 

rFD-ISO-rFE order of testing was deliberately chosen to ensure that fatigue was not responsible 

for the depressed/enhanced forces in the HD conditions. Lastly, it is unknown how the effect of 

muscular fatigue and more physiologically relevant contractile conditions (i.e., in vivo) might have 

influenced training-induced responses. 

 

5.7. Future directions 

 Moving forward, it would be of interest to explore the apparent strength-dependence of 

rFE and pFE, possibly through longer strength-oriented training protocols. The positive 

relationship between rFE/pFE and muscular strength (Power et al., 2012a), in combination with 

measures of increased muscle stiffness following active lengthening (Pinnell et al., 2019), points 

to the role of more attached cross bridges in rFE/pFE (Rassier and Herzog, 2004a, Lee et al., 2007; 

Power et al., 2014a; Minozzo and de Lira, 2013). Subsequently, the relative contributions from 

contractile and non-contractile elements could be teased out via digestion of titin using trypsin. 

Moreover, even though training-induced SSN adaptations were not found to alter HD forces at the 

whole-muscle level, this does not mean that length-dependent modifications to the history 

dependence of force cannot occur. The existence of HD force differences at the single fibre level 

following uphill/downhill running would still serve to highlight the plasticity of the history 
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dependence of force, and may help link shorter fascicles in old age to increased values of rFD and 

rFE (Power et al., 2013). 
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Chapter 6: Conclusion 

	
This is the first study to demonstrate SSN differences for the soleus, and possibly EDL, 

muscle of uphill- and downhill-running rats, which had previously only been reported for the VI, 

VL, and TA. Consequently, it appears that rFD, rFE, and pFE are not differentially modifiable at 

the whole-muscle level, on the basis of training-induced alterations to SSN, as a means of altering 

sarcomere shortening/lengthening amplitudes. However, these findings highlight the relevance of 

reporting both absolute and relative HD force values, which suggest that absolute values of rFD, 

rFE, and pFE are not maintained during conditions of reduced contractile force, most likely owing 

to impaired cross bridge engagement. In addition to furthering our understanding of muscle 

contractions, from a practical standpoint, increases to rFE/decreases to rFD could serve to improve 

the neuromuscular economy of functional movements, particularly during SSCs, wherein rFE 

appears to attenuate rFD in an amplitude-dependent manner. As such, increases to rFE could 

benefit force production during both lengthening- and shortening-induced conditions. Considering 

how intrinsic cross bridge dynamics are to HD force properties (and vice versa), future studies 

investigating the trainability of the history dependence of force should look to improve the 

contractile capability of muscle through strength-focused training protocols. 
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