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CHAPTER 1 General Introduction 

Rowing has been part of the Olympic Games since their reintroduction in 1896 (Volianitis et al., 2020) 

and can be classified as a repetitive and cyclical or type of sport (Caplan et al., 2010; Gillett et al., 2013). 

One cycle includes four important phases within one rowing stroke: The rowing stroke starts with a 

sliding phase followed by the catch, drive and finish phases (Kleshnev, 2016; Nugent et al., 2020; Umar 

et al., 2019). The usual race distance of the traditional international rowing events is 2000 m (Volianitis 

et al., 2020). Depending on the boat type, gender and external conditions (wind speed/direction, water 

temperature etc.), the 2000 m race at international championships has a duration ranges from 5:20 to 

8 min (Kleshnev, 2016; Volianitis et al., 2020). With 84-88%, the energy requirements of a 2000 m 

rowing race are primarily derived from aerobic metabolism (de Campos Mello et al., 2009; Roth et al., 

1983; Secher, 1983). Nevertheless, 2000 m rowing performance (mean power output) is also highly 

correlated with maximal strength (Akça, 2014). Therefore, strength is, in addition to the aerobic 

capacities (Ingham et al., 2002), also a key factor of rowing performance (Hagerman, 1984; Lawton et 

al., 2013). In conclusion, rowing can be characterized as a cyclical (Guével et al., 2011; Turpin et al., 

2011) strength-endurance sport (García-Pallarés & Izquierdo, 2011; Mäestu et al., 2005; Nugent et al., 

2020). As described in detail in the following section, the overarching aim of this thesis is to gain 

scientific knowledge and technological advances in order to examine the cyclical character (1.1 Cyclical 

character of rowing) and the strength-endurance components (1.2 Developing strength-endurance in 

rowing) of rowing (FIGURE 1.1). Thereby, aspects of i) muscle activity profiles in lab and in-field rowing 

(CHAPTER 3; Held et al., 2020); ii) the link between rowing power output and rowing cycle 

configuration (CHAPTER 2 and 4; Held, Siebert, et al., 2019, 2020b); and iii) the strength-endurance 

development in rowing (CHAPTER 5-6; Held, Behringer, et al., 2019; Held, Hecksteden, et al., 2020) are 

addressed in this thesis. 

 
Figure 1.1 Citation Data are extracted from InSite Journal Citation Report (Clarivate Analytics). Mean impact factor (IF) is 
3.45 and mean percentile (in all categories): 79th, which indicates an overall ranking in quartile 1 (Q1). 
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1.1 Cyclical character of rowing 

Performance enhancements of SSC 

Background: The combination of stretching 

and subsequent contraction of a muscle 

tendon unit (MTU) has been described as 

stretch-shortening cycle (SSC; FIGURE 1.2 A) 

(Komi, 2003). The power output during a SSC 

depends on structure of the MTU (Lichtwark & 

Wilson, 2007, 2008) and an efficient interaction 

between both, neural and muscular systems, 

(Komi, 2000; Nicol et al., 2006). In general, the 

muscular force, work, and power during SSC 

enable up to 50% higher values (FIGURE 1.3), 

compared to isolated concentric contractions 

(Bosco, Montanari, Ribacchi, et al., 1987; 

Cavagna et al., 1968; Flanagan & Comyns, 

2008). For example, a preceding 

countermovement (SSC) has been described to 

improved jump heights by 18-30% (Bobbert et 

al., 1996; Bobbert & Casius, 2005; Bosco, 

Montanari, Ribacchi, et al., 1987). These 

performance enhancement effects of SSC were 

linked to increased muscular efficiency and 

reduced metabolic energy consumption (Aura 

& Komi, 1986; Cavagna et al., 1968; Dawson & 

Taylor, 1973; Joumaa & Herzog, 2013). In 

addition, these performance enhancement 

effects of SCC were mainly attributed to i) the 

storage and release of elastic energy (Bojsen-

Møller et al., 2005; Kubo et al., 1999), ii) 

stretch-induced contractility enhancement 

(Rode et al., 2009; Seiberl, Power, Herzog, et 

al., 2015) and iii) reflex activity and time to 

peak force (Schenau et al., 1997b, 1997a). 

Since none of these currently accepted 

mechanisms can entirely explain the 

performance enhancement during SSC (Cormie 

et al., 2011; Schenau et al., 1997a; Seiberl, 

Power, Herzog, et al., 2015), the underlying 

 
Figure 1.2 The stretching and subsequent contraction of a muscle tendon unit  has been described as stretch-shortening 
cycle (SSC; A) (Komi, 2003). The combination of flexion and subsequent extension of the leg extensor muscles during one 
rowing cycle has bene defined as a flexion-extension cycle (FEC; B) (Held, Siebert, et al., 2020b).                                                                                                                                                                                                                                                                                                                                                                 

 
Figure 1.3 Peak force difference between squat jumps (SJ; 
concentric only) and countermovement jumps (CMJ; stretch-
shortening cycle). Mean (± standard derivation) are marked 
in black. Individual values are marked in grey. Data was 
extracted from Bosco et al. (1987). In addition, repeated 
measurement ANOVA significance (p) and effect size (np2) 
are given. 
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mechanisms remain controversial. Increased 

force during SSC in isolated muscle tissue 

preparations (with no tendon) indicated that, 

significant contributions to enhanced muscle 

performance can be attributed to the 

sarcomere level (Cavagna et al., 1968; Seiberl, 

Power, Herzog, et al., 2015). Recently, Tomalka 

and colleagues (2020) observed performance 

enhancement effects of SSC at a single skinned 

muscle fibre level, which is a direct evidence 

that the underlying mechanisms are within the 

sarcomere itself. Blebbistatin, a cross-bridge 

inhibition, reduced the performance 

enhancement effects of SSC, which indicated 

that cross-bridges contribute to the 

performance enhancement effects of SSC 

(Tomalka et al., 2020). Since the performance 

enhancement effects of SSC were still 

observable in the blebbistatin condition, non-

cross-bridge structures (Tomalka et al., 2020)  

seems to mainly contribute to the performance 

enhancement effects of SSC. In this context, a 

titin-actin interaction (Edman, 2012; Walter 

Herzog, 2018; Rode et al., 2009; Tomalka et al., 

2017) and a calcium-induced stiffening of titin 

(Joumaa et al., 2008; Labeit et al., 2003) are 

further discussed. 

Similar to a SSC, the leg extensor muscles are 

stretched and subsequent contracted during 

one rowing cycle (Held et al., 2019a, 2019b, 

2020). Since a SSC on fascicle level has yet not 

been detected or investigated in rowing (Held 

et al., 2019a, 2019b, 2020), the combination of 

flexion (slide) and subsequent extension (drive) 

of the leg extensor muscles during one rowing 

cycle can be defined as a flexion-extension 

cycle (FEC, FIGURE 1.2 B; Held, Siebert, et al., 

2020b). The assumption that the entire MTU 

(of the leg extensor muscles) performs a SSC 

during this FEC-type rowing (Held et al., 2020a, 

2020b) is confirmed by i) the sequence of 

flexion and extension (of the leg extensor 

muscles) during one rowing cycle, and ii) the 

leg extensor muscle activity (rectus femoris, 

vastus medialis and vastus lateralis) during the 

late slide phase prior to the onset of a new 

rowing cycle (Fleming et al., 2014; Guével et al., 

2011; Janshen et al., 2009). 

Rationale: Since rowers commonly spend 

about 90% of their rowing training at low 

stroke rates (about 18 spm – strokes per 

minute) (Bourgois et al., 2014; Guellich et al., 

2009; Steinacker, 1993), aspects of the SSC 

have been rarely considered in rowing-specific 

testing and training (Held, Siebert, et al., 2019, 

2020a). The duration of the slide phase of these 

low stroke rates (about 18 spm) are approximal 

four times longer than the typical duration 

during a 2000 m rowing race (about 36 spm or 

higher) (Held, Siebert, et al., 2019; Kleshnev, 

2016). Based on the force-velocity relation of 

the muscle (van Soest & Casius, 2000) and the 

SSC (Komi, 2003), this discrepancy between 

rowing training and racing seems debatable.  

Since the typical performance enhancement 

effect of SSC (Bosco, Montanari, Ribacchi, et 

al., 1987; Cavagna et al., 1968; Gregor et al., 

1988) has not yet been examined in FEC-type 

rowing, the relevance of potential SSC 

mechanism in rowing are currently unknown. 
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Based on the performance enhancement 

effects during a SSC, compared to isolated 

concentric movements (Bosco, Montanari, 

Ribacchi, et al., 1987; Cavagna et al., 1968; 

Gregor et al., 1988), the following central 

research question emerges: 

I. Can the typical SSC performance 

enhancement (compared to isolated 

concentric movements) also be observed 

during FEC-type rowing? 

 

AIM: Thus, a randomised controlled crossover 

trial (CHAPTER 2; Held et al., 2019a) examined 

the occurrence and magnitude of rowing 

performance enhancement during a FEC of the 

leg extensor muscles compared to both 

concentric contractions only and isometric pre-

contraction on the rowing-ergometer 

(research question I). We suggested an 

enhanced power output during FEC-type 

rowing, compared to concentric only rowing 

and rowing with an isometric pre-contraction 

(Held et al., 2019a). Therefore, sub-elite male 

rowers completed i) isolated concentric 

rowing-strokes, ii) single FEC-type rowing-

strokes and iii) rowing strokes with an isometric 

pre-contraction in a randomized order (Held et 

al., 2019a). Motion-capturing, force and 

rotation sensors were employed to compare 

the resulting rowing power, leg power and 

work-per-stroke of the three different rowing 

types (Held et al., 2019a). Based on these data, 

the performance enhancement of FEC-type 

rowing strokes (compared to isolated 

concentric movements rowing strokes and 

rowing strokes with an isometric pre-

contraction) could be discussed and evaluated 

(research question I; CHAPTER 2; Held et al., 

2019a).  

Apart from the performance enhancements 

during SSC, compared to isolated concentric 

 
Figure 1.4 Temporal separation between fast (< 250ms) and slow SSC (> 250 ms) (Duncan & Lyons, 2009; Flanagan, 2007; 
Schmidtbleicher, 1992). Data extracted from (Held et al., 2020). 
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movements (Bosco, Montanari, Ribacchi, et al., 

1987; Cavagna et al., 1968; Gregor et al., 1988), 

a separation between slow (longer than 250 

ms, such as countermovement jumps, CMJ) 

and fast SSC (shorter than 250 ms, such as drop 

jumps, DJ) have been emphasized by numerous 

researchers (FIGURE 1.4) (Duncan & Lyons, 

2009; Flanagan, 2007; Schmidtbleicher, 1992).  

Fast & slow SSC 

Background: Muscle spindle reflexes depend 

on a fast eccentric fascicle lengthening 

(Bobbert et al., 1987). Based on compelling 

evidence, the performance enhancement 

effects of a slow SSC like CMJ could not be 

exclusively explained by the storage and 

utilization of elastic energy (Anderson & Pandy, 

1993; Arakawa et al., 2010; Bobbert et al., 

1996; Bobbert & Casius, 2005; Kurokawa et al., 

2003). During the downward phase of CMJ, 

only a small amount of extra energy (compared 

to concentric only squat jumps) is stored in the 

tendinous tissues (Arakawa et al., 2010; 

Bobbert et al., 1996; Kurokawa et al., 2003), 

whereas a large portion of energy is lost as heat 

(Anderson & Pandy, 1993; Bobbert et al., 1996; 

Kopper et al., 2013). In general, a residual force 

enhancement (Edman, 2012; Herzog et al., 

2006) or potentiation (Cavagna, 1977; Ettema 

et al., 1990) appears after an active fascicle 

lengthening (Herzog & Leonard, 2000; Rassier, 

2017; Seiberl, Power, & Hahn, 2015). However, 

fascicle lengthening during the downward 

phase are only observable during a slow CMJ 

with large amplitudes (Kopper et al., 2013, 

2014; Roberts & Konow, 2013). In contrast, fast 

CMJ with small amplitudes showed isometric 

(Kopper et al., 2013, 2014) or even concentric 

contraction (Kurokawa et al., 2003) during the 

downward phase. Since the corresponding 

electromyographic activities of the leg 

extensor muscles can only be detected shortly 

before the start of a concentric movement (at 

the end of the downward movement) (Cerrah 

et al., 2014; Held et al., 2020a), muscle fibers 

lengthening during the downward phase are 

mainly passive during a CMJ (Finni et al., 2001; 

Finni et al., 2001; Finni et al., 2000). Based on 

these findings, van Hooren and Zalotarjova 

(2017) suggested that the contribution of the 

residual force enhancement to an enhanced 

force production during a slow SSC (like CMJ) is 

most likely small. Since the fast SSC is 

characterized by a faster eccentric velocity 

(compared to the slow SSC) these mechanisms 

are more suitable to the fast SSC (Bobbert et 

al., 1987). In contrast, the performance 

enhancement effects of a slow SSC were 

primarily attributed to the slow eccentric phase 

(Bobbert et al., 1996). The slow eccentric phase 

during a slow SSC allows muscles to develop a 

high level of active state (more attached cross-

bridges, compared to concentric only 

movements) before the start of the concentric 

phase (Bobbert et al., 1996; Walshe et al., 

1998). Therefore, a greater (compared to 

concentric only movements) force and work 

output at the beginning of the concentric 

motion of (slow) SSC was observable (Bobbert 

et al., 1996). In conclusion, performance 

enhancement effects of a slow SSC should be 
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primarily based on increased contraction time 

and working range (Flanagan & Comyns, 2008; 

Turner & Jeffreys, 2010), whereas a fast SSC 

enables performance enhancement via elastic 

energy usage, stretch reflex contributions 

(Schenau et al., 1997b, 1997a) and a greater 

level of stretch-induced performance 

enhancement (Rode et al., 2009; Seiberl, 

Power, Herzog, et al., 2015). As a result, each 

of the two SSC types are considered as 

independent dimensions (in terms of 

movement amplitudes and velocities) (Duncan 

& Lyons, 2009; Flanagan, 2007; 

Schmidtbleicher, 1992). Since training 

adaptations in the fast SSC are not necessarily 

transferable to performance enhancement in 

the slow SSC (and vice versa), a training-

methodological differentiation between slow 

and fast SSC has been established by numerous 

researchers (Flanagan, 2007; Flanagan & 

Comyns, 2008; Gollhofer et al., 1987; Komi, 

2003; Nicol et al., 2006; Schmidtbleicher, 

1992). 

Rationale: Besides slow SSC movements (such 

as CMJ), fast SSC movements (such as DJ) are 

also frequently used during rowing-specific 

training approaches (Altenburg et al., 2013; 

Gee et al., 2011). Therefore, jumps are 

frequently part of the training schedules of 

rowers (Egan-Shuttler et al., 2017; Gee et al., 

2011; Kramer et al., 1993). However, the 

potential SSC during a FEC-type rowing can only 

correspond to a fast or a slow SSC (Held, 

Siebert, et al., 2020c). Based on the described 

training-methodological differentiation 

between slow and fast SSC (Gollhofer et al., 

1987; Nicol et al., 2006; Schmidtbleicher, 

1992), the properties of FEC-type rowing need 

to be reflected in testing and training 

approaches. In addition, jumps – referring to 

fast SSC – are most likely inappropriate. 

Therefore, the second central research 

question results accordingly: 

II. Does the potential SSC during FEC-type 

rowing comprise a fast or slow SSC? 

 

AIM: Against this background, a randomised 

controlled crossover trial (CHAPTER 3; Held et 

al., 2020) were conceptualized and conducted 

in order to examined, whether the potential 

SSC of FEC-type rowing comprise either a fast 

or a slow SSC (research question II). We 

suggested that the potential SSC of FEC-type 

rowing is characterized by a lack of pre-activity 

and reflex activity and is therefore attributable 

to a slow SSC (Held et al., 2020). Thus, the 

surface electromyographic muscle activity 

(sEMG) of the vastus medialis and 

gastrocnemius were captured during (single 

scull) rowing and subsequently compared to 

typical slow (CMJ) and fast (DJ) SSC (Held et al., 

2020). Since fast SSC (in contrast to slow SSC 

like CMJ) are characterized by pre-activation 

(before the eccentric phase), reflex activity and 

an SSC duration below 250 ms (Frick, 1993; 

Gollhofer et al., 1987; Komi, 2003; 

Schmidtbleicher, 1992) sEMG data comparison 

of DJ, CMJ, and rowing enables the separation 

between fast and slow SSC in rowing. 
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Therefore, the elapsed time between the sEMG 

onset and the start of the eccentric phase was 

monitored and subsequently evaluated on the 

basis of the pre-activation phase (PRE; before 

the start of the eccentric phase) and the reflex 

induced activation phase (RIA; 30-120 ms after 

the start of the eccentric phase) (Bubeck & 

Gollhofer, 2001; Gollhofer et al., 1987, 1990; 

Hobara et al., 2007, 2008; Schmidtbleicher et 

al., 1987). Based on the comparison of pre-

activation, reflex activity and SSC duration 

among DJ, CMJ and rowing, a classification of 

the potential SSC in rowing was obtained 

(research question II; CHAPTER 3; Held et al., 

2020). 

Optimal speed-power relation in SSC 

Background: In general, sport-specific SSC 

movements (e.g. jumping, cycling) are 

characterized by utilising optimal movement 

parameters (e.g. muscle shortening velocity) 

for maximum power outputs (jump height, 

cycle velocity) (Komi, 2003; van Soest & Casius, 

2000). In particular, the performance 

enhancement effect of SSC depend on the 

speed of pre-stretch and the delay between 

the pre-stretch and the concentric phase 

(Bosco et al., 1981). Therefore, a particular 

(optimal) movement speed is necessary for a 

maximum power output during SSC (Haas & 

Schmidtbleicher, 2011; Komi, 2003): A too fast 

or too slow SSC movement results in sub 

maximal power outputs (Haas & 

Schmidtbleicher, 2011; Komi, 2003). For 

example (FIGURE 1.5), swimming velocity 

decreases, if the stroke rate increases over a 

certain (optimal) value (Craig & Pendergast, 

1979; Garland et al., 2009) and an optimal 

cadence allows the maximum power output in 

cycling competition (van Soest & Casius, 2000). 

In addition, a particular power output during 

cycling is linked to an optimal cadence, which 

enables minimal muscle activations (MacIntosh 

et al., 2000). 

Rationale: Based on this optimum relation 

between the movement speed and power 

output during SSC (Haas & Schmidtbleicher, 

2011; Komi, 2003), it is however unclear, if 

relevant movement parameters in FEC-type 

rowing (like stroke rate, gearing and drag 

factor) have to be maximised to obtain 

maximum power, or if an optimum relation 

emerges (Held et al., 2019b). The duration of 

the FEC is determined by the stroke rate. 

Gearing is described as the ratio between inner 

and outer lever of the oar (Kleshnev, 2016). 

Therefore, the resistance requirements during 

the drive phase of rowing are significantly 

determined by the gearing (Aktinsopht, 2010). 

 
Figure 1.5 Relation between power output and cadence 
during cycling (triangles). Data extracted from van Soest 
and Casius (2000). Relation between swimming velocity 
and cadence (circles). Data extracted from Craig and 
Pendergast (1979). 
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The drag factor on the rowing ergometer 

serves as a counterpart to gearing in the boat 

(Dudhia, 2007; van Holst, 2008). Accordingly, 

leg movement speed and power output during 

FEC-type rowing should be affect by gearing 

and drag factor (Held et al., 2019b). Therefore, 

based on the optimum relation between the 

movement speed and the power output during 

SSC (Gollhofer et al., 1987; Komi, 2003; Nicol et 

al., 2006; Schmidtbleicher, 1992), the third 

central research question results accordingly: 

III. Is there an optimum relation between 

relevant movement parameters (stroke rate, 

gearing and drag factor) and power output 

during FEC-type rowing (Held et al., 2019b)? 

 

AIM: Accordingly, a third cross-sectional 

randomised controlled crossover trial 

(CHAPTER 4; Held et al., 2019b) examined, 

whether the relationship between rowing 

power output and stroke rate, drag factor or 

gearing follows the aforementioned optimal 

trend: We suggested a particular (optimal) 

stroke rate, drag factor and/or gearing are 

necessary for a maximum rowing power output 

(Held et al., 2019b). Thus, experienced sub-

elite young rowers performed sprint series 

(approx. 20 rowing strokes) on (single scull) and 

off the water (rowing ergometer), while 

varying stroke rate (20-45 spm), drag factor 

(100-180 Ws3·m-3) and gearing (lever-length 

0.87-0.90 m) in a randomized order. Since 

rowing power, leg power and work-per-stroke 

were measured during these single scull and 

rowing ergometer trials, the relationship 

between rowing power output and stroke rate, 

gearing or drag factor could be discussed and 

evaluated (research question III; CHAPTER 4; 

Held et al., 2019b).  

The underlying designs of all three cross-

sectional studies (CHAPTER 2-4; Held et al., 

2019a, 2019b, 2020) were based on the 

assumption that sport-specific muscle actions 

are required and have been repeatedly 

emphasized (Gollhofer et al., 1987; Komi, 2003; 

Nicol et al., 2006). To the best of our 

knowledge, these are the first studies that 

employed those methods under field 

conditions (Held et al., 2019b).  

Firstly, the performance-enhancing effect of 

FEC-type rowing has been examined (CHAPTER 

2; Held et al., 2019a) to determine whether the 

potential SSC in FEC-type rowing has any 

relevance for competitive rowing. Subsequent, 

the potential SSC in FEC-type rowing has been 

classified as slow or fast SSC (CHAPTER 3; Held 

et al., 2020) in order to reduce the 

unnecessarily high physiological workload for 

the rowing athletes (Held, Siebert, et al., 

2020c). Finally, the relation between 

movement speed and power output during the 

potential SSC in FEC-type rowing has been 

examined (CHAPTER 4; Held et al., 2019b). 

Therefore, these three cross-sectional studies 

(FIGURE 1.6; CHAPTER 2-4; Held et al., 2019a, 

2019b, 2020) examined the following three 

fundamental characteristics of SSC in a rowing-

specific context: i) CHAPTER 2 (Held et al., 

2019a) - The performance enhancements 

during SSC, compared to isolated concentric 
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movements (Bosco, Montanari, Ribacchi, et al., 

1987; Cavagna et al., 1968; Gregor et al., 1988); 

ii) CHAPTER 3 (Held et al., 2020) - the training-

methodological separation between slow and 

fast SSC (Gollhofer et al., 1987; Komi, 2003; 

Nicol et al., 2006; Schmidtbleicher, 1992); and 

iii) CHAPTER 3 (Held et al., 2020) - the optimum 

relation between the movement speed and 

power output during SSC (Komi, 2003). Overall, 

the results of CHAPTER 2-4 (Held et al., 2019a, 

2019b, 2020) gain a relevant impact on the 

conceptualization of rowing-specific testing 

and training, i) by paying more attention to 

reactive force abilities (CHAPTER 2; Held et al., 

2019a); ii) using appropriate exercises that 

adequately reflect electro-mechanical 

properties of SSC in rowing (CHAPTER 3; Held 

et al., 2020); and iii) evaluation of optimal 

stroke rate, gearing and drag factor in rowing 

competition (CHAPTER 4; Held et al., 2019b). 

Resulting from these three studies (Held et al., 

2019a, 2019b, 2020) the relevance of the 

potential SSC in rowing is discussed in 

CHAPTER 7. 

1.2 Developing strength-endurance in 

rowing 

Rowing requires both, strength (Lawton et al., 

2011) and endurance capacities (Ingham et al., 

2002). Therefore maximal oxygen consumption 

(V̂O2max) (Bourdin et al., 2017; Ingham et al., 

2002; Turnes et al., 2020) and maximal 

strength (one-repetition maximum; 1RM) 

(Akça, 2014) were considered as highly 

relevant performance surrogates of rowing. 

Accordingly, both endurance (Guellich et al., 

2009; Ingham et al., 2002; Tran et al., 2015) and 

resistance training (Lawton et al., 2011) are 

highly important in competitive rowing training 

(García-Pallarés & Izquierdo, 2011; Izquierdo-

Gabarren et al., 2009; Nugent et al., 2020).  

The combination of resistance training and 

aerobic exercise in the same training approach 

is described as concurrent training (Wilson et 

 
Figure 1.6 CHAPTER 2-4 (Held et al., 2019a, 2019b, 2020) examined the potential SSC of FEC-type rowing in regard of the 
three fundamental characteristics of SSC: i) CHAPTER 2 (Held et al., 2019a) - The performance enhancements during SSC, 
compared to isolated concentric movements (Bosco, Montanari, Ribacchi, et al., 1987; Cavagna et al., 1968; Gregor et 
al., 1988); ii) CHAPTER 3 (Held et al., 2020) -  the training-methodological separation between slow and fast SSC (Gollhofer 
et al., 1987; Komi, 2003; Nicol et al., 2006; Schmidtbleicher, 1992); and iii) CHAPTER 3 (Held et al., 2020)-  the optimum 
relation between the movement speed and power output during SSC (Komi, 2003). 
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al., 2012). However, concurrent training 

frequently induced an interference effect 

(Hickson et al., 1988) of hampered strength 

adaptation, compared to a strength training 

only approach (Hickson et al., 1988; Izquierdo-

Gabarren et al., 2009; Leveritt et al., 1999). 

These interference effects were frequently 

linked to the adenosine monophosphate-

activated protein kinase (AMPK) and 

mammalian or mechanistic target of rapamycin 

complex 1 (mTORC1) inter-action (Atherton et 

al., 2005; Coffey & Hawley, 2017; Hawley, 

2009a): In this AMPK-Akt switch hypothesis 

(FIGURE 1.7 B), the endurance training-induced 

AMPK phosphorylates tuberous sclerosis 

complex−2 (TSC2) switches off the mTORC1-

signaling cascade, which decreased the 

potential for muscle fiber hypertrophy 

(Atherton et al., 2005). However, recent 

evidence is questioning AMPK as a key factor of 

regulating the interference effect (De Souza, 

2019). In this context, alternative pathways 

(like the sirtuin family of NAD+-dependent 

deactetylases [SIRT] and calmodulindependent 

kinase II [CaMKII] may hamper myofibrilar 

protein synthesis during a concurrent training 

approach (De Souza, 2019). Although the 

majority of the current researches showed no 

 

Figure 1.7 The concept of the resistance training-induced sub-optimisation on endurance performance supposed 
decreased endurance development during a concurrent training approach (A) (Doma et al., 2017). In addition, the 
adenosine monophosphate-activated protein kinase (AMPK) Akt switch hypothesis supposed decreased strength 
development (B) (Atherton et al., 2005). (TSC2: AMPK phosphorylates tuberous sclerosis complex−2; mTORC1: 
mammalian or mechanistic target of rapamycin complex 1). 
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negative effects of concurrent training on 

endurance parameters (Docherty & Sporer, 

2000; Hickson et al., 1988; Rønnestad et al., 

2010), Doma and colleagues (2017) introduced 

the concept of the resistance training-induced 

sub-optimisation on endurance performance 

(Figure 1.7 A):  

“The underlying theory of this phenomenon 
suggested that residual neural and metabolic 
effects of previous resistance training sessions 
may compromise the ability to perform 
optimally during subsequent endurance training 
sessions and possibly limit training stimuli to 
maximise endurance adaptation.” (Doma et al., 
2017)  

Based on this theoretical background, the 

separate training of endurance and strength 

capacities is recommended (Izquierdo-

Gabarren et al., 2009): While long term 

strength adaptations require relatively high 

loads (ACSM, 2009; Guellich & 

Schmidtbleicher, 1999), peak performances in 

endurance disciplines can be mainly induced by 

comparatively high training volumes (Seiler & 

Kjerland, 2006; Seiler, 2010).  

Blood flow restriction training 

Background: Recent meta-analyses revealed 

that blood flow restriction (BFR) training 

induces improvements of muscular strength 

(Loenneke et al., 2012; Slysz et al., 2016) and 

V̂O2max (Formiga et al., 2020). During BFR a 

restrictive device is attached to the proximal 

part of a limb to reduce oxygenated arterial 

blood flow and to occlude venous blood flow, 

which results in less efficient clearance of 

metabolic byproducts distal to the cuff (Abe et 

al., 2006). Jessee and colleagues (2018) 

described the following BFR mechanism 

(FIGURE 1.8; Jessee et al., 2018): Since the 

buildup of metabolic byproducts in and around 

the working muscle fibers interferes with the 

active motor units, higher threshold motor 

 

Figure 1.8 Schematic representation of blood flow restriction (BFR; adapted from Jessee et al., 2018): The inflated cuff (B) 
results in a reduce oxygenated arterial blood flow and occluded venous blood flow compared to the deflated cuff (A) (Abe 
et al., 2006). Overall, BFR results in less efficient clearance of metabolic byproducts (stars) distal to the cuff (Jessee et al., 
2018). 
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units must be activated, if BFR exercise is 

continued. Therefore, the “continued exercise 

and buildup of metabolites results in a greater 

proportion of muscle fibers being fatigued 

more quickly, resulting in failure to continue 

exercise.” (Jessee et al., 2018) Overall, it is 

suggested that i) increased metabolic stress 

(Suga et al., 2012); ii) increased muscle fiber 

recruitment (Yasuda et al., 2009); iii) swelling at 

the cellular level (Yasuda et al., 2012); iv) 

increased intramuscular signals of protein 

synthesis (Fry et al., 2010); and v) the 

proliferation of myogenic stem cells (Nielsen et 

al., 2012) promote muscular adaptations after 

BFR training. Compared to the same exercise 

without BFR, the following mechanisms could 

be assumed for the V̂O2max adaptations of BFR 

amplifications: i) increased central 

cardiovascular response during exercise 

(Patterson et al., 2019) by elevated heartrates 

(Dankel & Loenneke, 2018; Fry et al., 2010; 

Silva et al., 2018, 2019), systolic blood pressure 

and diastolic blood pressure (Kumagai et al., 

2012; May et al., 2017; Sugawara et al., 2015; 

Vieira et al., 2013); ii) some evidences for 

increased oxygen consumption (Mendonca et 

al., 2014; Ozaki et al., 2010; Silva et al., 2019); 

iii) increased post exercise oxygen 

consumption (Mendonca et al., 2015); iv) some 

evidences of increased blood lactate 

concentration (Corvino et al., 2017; Thomas et 

al., 2018); v) some evidences of acute 

increased stroke volume during aerobic 

exercises (Esparza, 2017; Park et al., 2010); vi) 

increased one minute ventilation (Esparza, 

2017); vii) increased hematopoietic factors 

such as erythropoietin, hemoglobin, and 

hematocrit concentrations (Dale et al., 2014; 

Koistinen et al., 2000); viii) declined oxygen 

delivery and metabolite clearance (Suga et al., 

2009); ix) increased oxidative stress 

(Christiansen et al., 2018); and x) increased 

oxygen delivery to the trained musculature 

after BFR cessation (Kacin & Strazar, 2011). 

Rationale: As described above, V̂O2max 

(Bourdin et al., 2017; Ingham et al., 2002; 

Turnes et al., 2020) and 1RM (Akça, 2014; 

Jürimäe et al., 2010; Lawton et al., 2013) are 

considered as highly relevant performance 

surrogates in rowing. In addition, BFR training 

revealed both V̂O2max (Formiga et al., 2020) 

and 1RM (Loenneke et al., 2012; Slysz et al., 

2016) improvements. Therefore, BFR training 

can be seen as a supplemental training 

approach during conventional low intensity 

rowing sessions.  

AIM: Against this background and a lack of 

studies that examined effects of BFR during low 

intensity endurance training (Scott et al., 

2016), the following central research question 

emerges: 

IV. Does BFR during low intensity rowing 

serve as an additionally stimulus to increase 

V̂O2max and/or 1RM? 

 

Thus, a randomised controlled 5 week 

intervention study (CHAPTER 5; Held, 

Behringer, et al., 2019) was conceptualized and 
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conducted in order to examined the effects of 

practical BFR (pBFR; Behringer et al., 2017; 

Wilson et al., 2013) on V̂O2max and 1RM during 

low intensity rowing (research question IV). We 

suggested an enhanced adaptation of V̂O2max 

and 1RM by pBFR, compared to the identical 

training without pBFR. During pBFR, only 

venous pooling (without arterial occlusion) is 

intended by employing elastic wraps 

(Behringer et al., 2017; Wilson et al., 2013). 

Therefore, elite rowers performed either pBFR 

(3 times per week; 2 times 10 min per session) 

during low intensity rowing training or 

completed the identical training without pBFR. 

Leg pBFR was applied via customized elastic 

wraps (Behringer et al., 2017). V̂O2max and 

strength capacity were tested via a 

spiroergometric ramp test on the rowing 

ergometer (Treff et al., 2018) and 1RM test of 

the squat exercise (Kraemer, Fry, et al., 1995). 

To the best of our knowledge, this is the first 

study (CHAPTER 5; Held, Behringer, et al., 

2019a) that employed pBFR under rowing-

specific conditions. The results should gain a 

relevant impact on the conceptualization and 

implementation of rowing-specific training 

using pBFR as an additional training stimulus to 

improve the effect of low intensity rowing 

training on V̂O2max (Held, Behringer, et al., 

2019a). 

Velocity based strength training 

Apart from extensive low intensity rowing 

(Bourgois et al., 2014; Arne Guellich et al., 

2009; Steinacker et al., 1998), resistance 

training (Lawton et al., 2011) is also highly 

important in competitive rowing training 

(García-Pallarés & Izquierdo, 2011; Izquierdo-

Gabarren et al., 2009; Nugent et al., 2020). 

During resistance training, training intensity 

(load) (in addition to the total volume) is 

generally recognised as one of the most 

important stimulus in strength training 

(Kraemer & Ratamess, 2004). The load is 

usually specified as a percentage of the 1RM 

(Jovanovic & Flanagan, 2014). The 

corresponding determination of the 1RM is 

time-consuming and contains a potential risk of 

injury (Brzycki, 1993). In addition, the 1RM 

displayed high day-to-day fluctuations of up to 

18% (Zourdos et al., 2014). An alternative to 

traditional 1RM-based resistance training is the 

velocity-based strength training (VBT) 

(Sánchez-Moreno et al., 2017).  

Background: In VBT, resistance training is 

regulated by the movement speed (Jovanovic 

& Flanagan, 2014). During VBT, it is essential 

that athletes perform the concentric 

movement phase as quickly as possible 

(Jidovtseff et al., 2011). The VBT approach is 

based on the strong relationship between 

movement velocity and relative load (%1RM) 

(Cronin et al., 2003; Pareja-Blanco et al., 2020; 

Sánchez-Medina et al., 2014). Accordingly, the 

daily 1RM and the actual used %1RM can be 

estimated, in real-time, with a reasonable 

degree of accuracy (Bazuelo-Ruiz et al., 2015; 

Loturco et al., 2016; Luis Sánchez-Medina et al., 

2017). Based on these findings, strength 

adaptations that occur during the course of a 
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training program, could be observed, without 

the need to perform demanding and time 

consuming 1RM assessments (González-Badillo 

& Sánchez-Medina, 2010). Although, repetition 

to failure has frequently been considered as a 

central aspect of resistance training (Ahtiainen 

et al., 2003; Campos et al., 2002; Drinkwater et 

al., 2005), numerous evidence revealed that 

non-failure training induced similar or even 

greater strength adaptations (Davies et al., 

2016; Folland et al., 2002; Izquierdo-Gabarren 

et al., 2009; Izquierdo et al., 2006; Pareja-

Blanco et al., 2017). The training to failure 

approaches cause excessive fatigue due to 

mechanical and metabolic stress for 

subsequent training sessions (Draganidis et al., 

2013; Drinkwater et al., 2007; Folland et al., 

2002). In contrast, improved regeneration post 

non failure resistance training could have a 

positive effect on subsequent training sessions 

(García-Pallarés & Izquierdo, 2011). In general, 

the level of fatigue increases gradually as a 

function of increasing efforts during a 

resistance training set (Sánchez-Medina & 

González-Badillo, 2011). In this regard, a strong 

positive relation between the percentage of 

velocity loss (VL) during a set and the 

repetitions in reserve (RIR) were observable 

(Juan José González-Badillo et al., 2017; 

Izquierdo et al., 2006; Rodríguez-Rosell et al., 

2019; Sánchez-Medina & González-Badillo, 

2011; Sánchez-Moreno et al., 2017). RIR refers 

to the number of possible repetitions up to 

failure (Ormsbee et al., 2019; Zourdos et al., 

2014). During the VL approach (FIGURE 1.9), 

the set is quit, having a few repetitions in 

reserve until failure, if the mean concentric 

velocity (of a repetition) dropped below a 

certain level. Numerous researcher suggest 

that the acute metabolic stress, the hormonal 

 

Figure 1.9 Mean concentric velocity as function of repetitions (reps). In addition, maximum velocity, 10% velocity loss and 
velocity at repetition failure are marked. 
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response, muscle damage, the autonomic 

cardiovascular response and the mechanical 

fatigue could be estimated by the VL (González-

Badillo et al., 2016; González-Badillo et al., 

2017; Pareja-Blanco et al., 2017; Rodríguez-

Rosell et al., 2019; Sánchez-Medina & 

González-Badillo, 2011). In conclusion, VBT 

enabled i) the application of an homogeneous 

stimulus across individuals (Pareja-Blanco et 

al., 2020); ii) a better quantification of the level 

of effort, involved during resistance training 

(González-Badillo & Sánchez-Medina, 2010; 

Pareja-Blanco et al., 2017; Sánchez-Medina & 

González-Badillo, 2011); iii) a real-time 

feedback on the level of fatigue, with 

considerable accuracy (Pareja-Blanco et al., 

2020); iv) a standardisation of the external load 

that is applied to an athlete within each 

training session through the use of relative 

velocity loss thresholds (Weakley, Ramirez-

Lopez, et al., 2020); and v) a resistance training 

control without excessive exhaustion (Padulo 

et al., 2012).  

Rationale: As described above, rowing requires 

both endurance (Arne Guellich et al., 2009; 

Steinacker, 1993; Tran et al., 2015) and 

resistance training (Lawton et al., 2011). Since 

resistance training to repetition failure does 

not necessarily lead to higher strength or 

hypertrophy adaptations (García-Pallarés & 

Izquierdo, 2011; Izquierdo-Gabarren et al., 

2009), a VL approach could be particularly 

relevant and appealing for such a concurrent 

training setting like rowing. In addition, 

improved regeneration post resistance training 

could have a positive effect on subsequent 

training sessions (García-Pallarés & Izquierdo, 

2011). Overall, a VL approach might induce 

positive effects of rowing performance 

surrogates, like V̂O2max and/or 1RM. The 

overall recovery and overall stress state of an 

athlete could be evaluated using the Short 

Recovery and Stress Scale (Nässi et al., 2017). 

Accordingly, overall recovery and overall stress 

might be also improved during a VL approach. 

AIM: Based on this theoretical background, the 

following two research question emerges: 

V. Does VBT with 10% velocity loss (VL10) 

additionally increases V̂O2max and/or 1RM, 

compared to traditional 1RM based 

resistance training to failure (TRF) during a 

concurrent training approach in rowing? 

VI. Does VL10 result in lower overall stress 

and higher overall recovery data, compared 

to TRF during a concurrent training approach 

in rowing? 

 

Against this background, a randomised 

controlled 8 weeks intervention study 

(CHAPTER 6; Held, Hecksteden, et al., 2020) 

was conceptualized and conducted in order to 

examined the effects VL10 vs. TRF on 1RM and 

V̂O2max in a concurrent training approach 

(research question V). In addition, effects of 

VL10 vs TRF on overall recovery and stress 

(Nässi et al., 2017) were examined (research 

question VI). We suggested similar 

improvements of 1RM and V̂O2max by VL10 
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and TRF, but decreased resp. increased overall 

stress and recovery for VL10. Thus, highly 

trained rowers performed either VL10 or TRF (2 

times a week) in addition to daily endurance 

training. Squat, deadlift, bench row and bench 

press 1RM determination (McCurdy et al., 

2004) and a V̂O2max rowing ergometer ramp 

test (Treff et al., 2018) were employed. Overall 

recovery and overall stress were monitored 

every evening using the Short Recovery and 

Stress Scale (Nässi et al., 2017). To the best of 

our knowledge, this is the first study (CHAPTER 

6; Held, Hecksteden, et al., 2020) that 

employed velocity based training under a 

rowing-specific (concurrent) training setting. 

The results should gain a relevant impact on 

the conceptualization and implementation of 

rowing-specific training using VL10 during 

resistance training in a concurrent training 

approach like rowing (CHAPTER 6; Held, 

Hecksteden, et al., 2020).  

Resulting from these two longitudinal studies 

(FIGURE 1.10; CHAPTER 5-6; Held, Behringer, et 

al., 2019; Held, Hecksteden, et al., 2020) the 

improvement of performance surrogates in 

rowing are discussed in CHAPTER 7. Thereby, 

the application of blood flow restriction and 

velocity-based strength training during a 

concurrent training approach like rowing are 

considered. A special emphasize is given on less 

fatigue and quicker recovery to i) have more 

temporal opportunity for rowing-specific 

training or ii) to add more strength training. 

 

In summary, this thesis can be classified into 

specific aspects of FEC-type rowing (FIGURE 

1.11 A) and the developing of strength-

endurance in rowing (FIGURE 1.11 B). A total of 

six separate research questions were 

addressed. Research question I and III (FIGURE 

1.11 A) addressed the the link between rowing 

power output and rowing cycle configuration 

(CHAPTER 2 and 4; Held, Siebert, et al., 2019, 

2020b). In addition, research question II 

 

Figure 1.10 Developing strength and endurance in rowing using blood flow restriction (CHAPTER 5; Held, Behringer, et 
al., 2019) and/or velocity based strength training (CHAPTER 6; Held, Hecksteden, et al., 2020).  
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(FIGURE 1.11 A) examined muscle activity 

profiles in lab and in-field rowing (CHAPTER 3; 

Held et al., 2020). Apart from these cyclical 

characteristic of rowing, research question IV 

to VI (FIGURE 1.11 B) address the developing of 

strength-endurance in rowing (CHAPTER 5-6; 

Held, Behringer, et al., 2019; Held, Hecksteden, 

et al., 2020). In this context, a special 

emphasize on less fatigue and quicker recovery 

was considered (CHAPTER 6; Held, Hecksteden, 

et al., 2020). 

 

 

Figure 1.11 Research questions of the current thesis. (SSC: 
stretch-shortening cycle; FEC: flexion-extension cycle; 
BFR: blood flow restriction; VhO2max: maximum oxygen 
uptake; 1RM one repetition maximum; VL10: velocity 
based strength training with 10% velocity loss; TRF: 
traditional resistance training to repetition failure) 
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CHAPTER 2: 10% higher rowing power outputs after flexion-
extension cycle compared to an isolated concentric contraction in 
sub-elite rowers 

Held, S., Siebert, T., & Donath, L. (2020). 10% Higher Rowing Power Outputs After 
Flexion-Extension-Cycle Compared to an Isolated Concentric Contraction in Sub-Elite 
Rowers. Frontiers in Physiology, 11, 521. https://doi.org/10.3389/fphys.2020.00521 (IF 
2019: 3.34; 20/81 in Physiology, 76th percentile: Q1) 

Abstract: The resulting muscular performance is considered notably higher during a stretch-shortening 

cycle (SSC) compared to an isolated concentric contraction. Thus, the present study examined the 

occurrence and magnitude of rowing performance enhancement after a flexion-extension cycle (FEC) 

of the legs compared to both, concentric contractions only and isometric pre-contraction. Therefore, 

31 sub-elite male rowers (age: 25 ± 6 years, height: 1.90 ± 0.02 m, weight: 91 ± 10 kg, weekly training 

volume: 11.4 ± 5.3 h·week-1, rowing experience: 7.1 ± 2.7 years) randomly completed i) isolated 

concentric rowing strokes (DRIVE); ii) single FEC-type rowing strokes (SLIDE-DRIVE); and iii) rowing 

strokes with an isometric pre-contraction (ISO-DRIVE). The resulting rowing power (Prow), leg power 

(Pleg) and work-per-stroke (WPS) were recorded using motion-capturing, force, and rotation sensors. 

Comparison of DRIVE and SLIDE-DRIVE revealed significantly (p<0.05) higher Prow (+11.8 ± 14.0 %), Pleg 

(+19.6 ± 26.7 %), and WPS (+9.9 ± 10.5 %) during SLIDE-DRIVE. Compared to ISO-DRIVE, Pleg (+9.8 ± 

26.6 %) and WPS (+6.1 ± 6.7 %) are again significantly (p<0.05) higher for SLIDE-DRIVE. In conclusion, 

notably higher work and power outputs (compared to an isolated concentric contraction) during FEC-

type rowing referred to an underlying SSC. Future ultrasound studies should elucidate whether a real 

SSC on muscle tendon unit level accounts for these performance enhancements. 
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CHAPTER 3: Electromyographic activity of the vastus medialis and 
gastrocnemius implicates a slow stretch-shortening cycle during 
rowing in the field 

Held, S., Siebert, T., & Donath, L. (2020). Electromyographic activity of the vastus medialis 
and gastrocnemius implicates a slow stretch-shortening cycle during rowing in the field. 
Scientific Reports, 10(1), 1–8. https://doi.org/10.1038/s41598-020-66124-4 (IF 2019: 
4.00; 17/71 in Multidisciplinary Sciences, 77th percentile: Q1) 

Abstract: The consideration of the temporal and electromyographic (EMG) characteristics of stretch-

shortening cycles (SSC) are crucial for the conceptualization of discipline-specific testing and training. 

Since leg muscles are first stretched (eccentric) and then contracted (concentric) during rowing, it can 

be assumed that the entire muscle tendon complex performs a SSC. Thus, it should be elucidated 

whether the rowing cycle can be attributed to either a slow or fast SSC. Therefore, EMG of the vastus 

medialis and gastrocnemius were captured (n=10, 22.8 ± 3.1 years, 1.9 ± 0.06 m, 82.1 ± 9.8 kg) during 

(single scull) rowing and subsequently compared to typical slow (countermovement jump, CMJ) and 

fast (drop jump, DJ) SSC. The elapsed time between the EMG onset and the start of the eccentric phase 

was monitored. The pre-activation phase (PRE; before the start of the eccentric phase) and the reflex 

induced activation phase (RIA; 30-120 ms after the start of the eccentric phase) have been classified. 

Notable muscular activity was observed during DJ before the start of the eccentric phase (PRE) as well 

as during RIA. In contrast, neither CMJ nor rowing revealed any EMG activity in these two phases. 

Interestingly, CMJ and race-specific rowing showed an EMG onset during the eccentric phase. We 

conclude that rowing is more attributable to a slow SSC and implies that fast SSC does not reflect 

discipline-specific muscle action and could hamper rowing performance enhancement. 

.
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CHAPTER 4: Changes in mechanical power output in rowing by 
varying stroke rate and gearing 

Held, S., Siebert, T., & Donath, L. (2019). Changes in mechanical power output in rowing 
by varying stroke rate and gearing. European Journal of Sport Science, 1–9. 
https://doi.org/10.1080/17461391.2019.1628308 (IF 2019: 2.78; 24/85 in Sport Sciences, 
72th percentile: Q2) 

Abstract: Each stretch-shortening cycle (SSC) in elite sports (e.g. jumping, cycling) is characterized by 

utilising optimal movement parameters (e.g. muscle shortening velocity) for maximum power (jump 

height, cycle velocity). It is however unclear, if relevant SSC movement parameters in rowing, such as 

stroke rate and gearing, have to be maximised to obtain maximum power or if an optimum relation 

emerges. Thus, we measured rowing power (Prow), leg power (Pleg) and work-per-stroke (WPS) in 

dependence of varying stroke rates (20-45 spm), gearings (lever changes 0.87-0.90 m) and drag factors 

(100-180 Ws3·m-3) during rowing. Experienced sub-elite young athletes performed sprint series on 

(single scull, n=69, 20 ± 2 years, 1.86 ± 0.07 m, 84 ± 9 kg) and off the water (rowing ergometer, n=30, 

19 ± 3 years, 1.85 ± 0.11 m, 77 ± 19 kg). Prow increased with stroke rate for ergometer (r=0.97, p<0.001) 

and boat measurements (r=0.98, p<0.001) by 2.7% and 4.4% per stroke, respectively. Interestingly, 

stroke rate had a high impact on WPS (r=0.79, p<0.001) during boat measurement, compared to no (or 

specifically no high) impact on WPS (r=-0.10, p=0.166) during ergometer measurements. Drag factor 

(ergometer: r=0.83, p<0.001) and gearing (boat: r=0.60, p<0.001) yielded moderate to high 

correlations to Prow. These results indicate, that no optimum stroke rate, gearing and drag factor exist 

for maximum power in rowing (sprint measurement range). Accordingly, the measurements yielded 

maximum power for maximum stroke rate, gearing, and drag factor. 
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CHAPTER 5: Low intensity rowing with blood flow restriction over 5 
weeks increases VNO2max in elite rowers: A randomized controlled 
trial 

Held, S., Behringer, M., & Donath, L. (2019). Low intensity rowing with blood flow 
restriction over 5 weeks increases V̂O2max in elite rowers: A randomized controlled trial. 
Journal of Science and Medicine in Sport. https://doi.org/10.1016/j.jsams.2019.10.002 (IF 
2019: 3.61; 12/85 in Sport Sciences, 85th percentile: Q1) 

Abstract: The present randomized controlled intervention study examined the effects of practical 

blood flow restriction (pBFR) on maximal oxygen uptake (V̂O2max) during low intensity rowing. Design: 

Thirty-one elite rowers were either assigned to the intervention (INT) or control (CON) group, using 

the minimization method (strata: gender, age, height, V̂O2max). Method: While INT (n=16; 4 female, 

12 male, 21.9 ± 3.2 years, 1.80 ± 0.09 m, 73.6 ± 10.9 kg, V̂O2max: 63.0 ± 7.9 ml·min-1·kg-1) used pBFR 

during boat and indoor rowing training, CON (n=15; 4 female, 11 male, 21.7 ± 3.7 years, 1.81 ± 0.08 m, 

72.5 ± 12.1 kg, V̂O2max: 63.2 ± 8.5 ml·min-1·kg-1) completed the identical training without pBFR. pBFR 

of the lower limb was applied via customized elastic wraps. Training took place three times a week 

over 5 weeks (accumulated net pBFR: 60 min·week-1; occlusion per session: 2-times 10 min) and was 

used exclusively at low intensities. A spiroergometric ramp test (V̂O2max; 30-40 W·min-1 increase) on 

rowing ergometer and one-repetition maximum test of the squat exercise (SQ1RM) was employed to 

assess endurance and strength capacities. Results: Significant group × time interactions (ηp²=0.26) in 

favour of INT were found for V̂O2max (+9.1 ± 6.2%, effect size [ES]=1.3) compared to CON (+2.5 ± 6.1%, 

ES=0.3). SQ1RM (ηp²=0.01) was not affected by the pBFR intervention. Conclusions: This study revealed 

that 15 sessions of pBFR application with a cumulative total pBFR stimulus of 5h over a 5 week 

macrocycle remarkably increased V̂O2max. Thus, pBFR might serve as promising means to improve 

aerobic capacity in highly trained elite rowers.  
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Chapter 6: Improved strength and recovery after velocity-based 
training: A randomized controlled trial 

Held, S., Hecksteden, A., Meyer, T., & Donath, L. (2020). Improved strength and recovery 
after velocity-based training: A randomized controlled trial. International Journal of 
Sports Physiology and Performance, accepted. (IF 2019: 3.98; 8/83 in Sport Science, 91th 
percentile: Q1)  

Abstract: The present intervention study examined the effects of intensity-matched velocity-based 

strength training with a 10% velocity loss (VL10) vs. traditional one-repetition maximum (1RM) based 

resistance training to failure (TRF) on 1RM and maximal oxygen uptake (V̂O2max) in a concurrent 

training setting. Methods: Using the minimization method, 21 highly trained rowers (4 female, 17 

male, 19.6 ± 2.1 years, 1.83 ± 0.07 m, 74.6 ± 8.8 kg, V̂O2max: 64.9 ± 8.5 ml·kg-1min-1) were either 

assigned to VL10 or TRF. In addition to rowing endurance training (about 75min·d-1), both groups 

performed strength training (5 exercises, 80% 1RM, 4 sets, 2-3 min inter-set recovery, 2-times·week-1) 

over 8 weeks. Squat (SQ1RM), deadlift (DL1RM), bench row (BR1RM) and bench press (BP1RM) 1RM 

and V̂O2max rowing ergometer ramp tests were completed. Overall recovery (OR) and overall stress 

(OS) were monitored every evening using the Short Recovery and Stress Scale. Results: Large and 

significant group × time interactions (p<0.03, ηp²>0.23, standard mean differences [SMD]>0.65) in 

favour of VL10 (averaged +18.0 ± 11.3 %) were observed for SQ1RM, BR1RM and BP1RM compared to 

TRF (averaged +8.0 ± 2.9%). V̂O2max revealed no interaction effects (p=0.55, ηp²=0.01, SMD<0.23) but 

large time effects (p<0.05, ηp²>0.27). Significant group × time interactions (p=0.001, ηp
2>0.54, 

SMD>|0.525|) in favour of VL10 were also observed for OR and OS 24 and 48h post strength training. 

Conclusions: VL10 serve as a promising method to improve strength capacity at lower repetitions and 

stress levels in highly trained athletes. Future research should investigate the interference effects of 

VL10 in strength-endurance sports and its effects when increasing weekly VL10 sessions within one 

macrocycle.  
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CHAPTER 7 General Discussion 

The overarching aim of this thesis was to use scientific knowledge and technological advances in order 

to examine rowing as a cyclical (Guével et al., 2011; Turpin et al., 2011) strength-endurance sport 

(García-Pallarés & Izquierdo, 2011; Mäestu et al., 2005; Nugent et al., 2020). Therefore, three cross-

sectional studies (CHAPTER 2-4; Held et al., 2019a, 2019b, 2020) were conceptualized and conducted 

in order to elucidate the cyclical character of rowing. In addition, two longitudinal studies (CHAPTER 

5-6; Held, Behringer, et al., 2019; Held, Hecksteden, et al., 2020) focused the developing of strength-

endurance in rowing, by evaluating the effects of blood flow restriction and velocity-based strength 

training on relevant performance surrogates in rowing. Based on CHAPTER 2-4 (Held et al., 2019a, 

2019b, 2020), the relevance of the potential SSC in rowing are discussed in the following section 

(CHAPTER 7.1). Subsequently, based on CHAPTER 5-6 (Held, Behringer, et al., 2019; Held, Hecksteden, 

et al., 2020), the application of blood flow restriction and velocity-based strength training during a 

concurrent training approach like rowing are considered (CHAPTER 7.2). 

7.1 Relevance of the stretch-

shortening cycle for rowing 

The first randomized controlled crossover trial 

(CHAPTER 2; Held et al., 2019a) intended to 

elucidate whether FEC-type rowing leads to 

notably higher power outputs compared to 

pure concentric rowing. Therefore, single 

(purely) concentric rowing strokes (DRIVE), 

single FEC-type rowing strokes (SLIDE-DRIVE) 

and rowing strokes with an isometric pre-

contraction (ISO-DRIVE) have been examined 

(Held et al., 2019a). Rowing power, leg power 

and work-per-stroke increased from DRIVE to 

ISO-DRIVE to SLIDE-DRIVE (Held et al., 2019a). 

Consequently, FEC-type rowing resulted in 

(rowing power, leg power and work-per-

stroke) performance enhancements, 

compared to isolated concentric rowing 

strokes (FIGURE 7.1 A) (Held et al., 2019a). To 

the best of our knowledge, CHAPTER 3 (Held et 

al., 2020) was the first randomized controlled 

crossover trial that examined whether FEC-

type rowing is most likely attributable to a slow 

or fast SSC (of the entire MTU) during in-field 

rowing, employing surface electromyography. 

Therefore, sEMG of the m. vastus medialis and 

m. gastrocnemius were captured during (single 

scull) rowing and subsequently compared to 

typical slow (CMJ) and fast (DJ) SSC (Held et al., 

2020). Slow SSC (CMJ) and race-specific high 

intensity rowing revealed a sEMG onset during 

the eccentric phase (FIGURE 7.1 B) (Held et al., 

2020). In contrast, the sEMG onset during fast 

SSC (DJ) appeared before the start of the 

eccentric phase (before first ground contact) 

(FIGURE 7.1 B) (Held et al., 2020). Combined 

with the measured SSC duration, this indicates 

that the potential SSC during field single scull 

FEC-type rowing is most likely attributable to 

slow SSC. CHAPTER 4 (Held et al., 2019b) 

examined, if relevant FEC movement 
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parameters in rowing, such as stroke rate, drag 

factor and gearing, have to be maximised to 

obtain maximum power or if an optimum 

relation emerges (Held et al., 2020). Thus, 

experienced sub-elite young athletes 

performed sprint series on (single scull) and off 

the water (rowing ergometer) with varying 

stroke rates, gearings and drag factors (Held et 

al., 2020). Boat and ergometer measurements 

showed moderate to high positive correlations 

between rowing power and stroke rate, 

gearing, or drag factor (FIGURE 7.1 C) (Held et 

al., 2020). Accordingly, the results of CHAPTER 

4 (Held et al., 2019b) yielded maximum power 

for maximum stroke rate, gearing, and drag 

factor. 

Performance enhancement effects of SSC 

The observed performance enhancements 

during FEC-type rowing (CHAPTER 2; Held et 

al., 2019a) were in line with previously 

examined performance enhancements within 

SSC i) in isolated muscle preparations with 

constant electrical stimulation (Cavagna et al., 

1968); ii) in animal experiments with natural 

and variable muscle activation (Gregor et al., 

1988); iii) and during maximal voluntary SSC 

actions of human muscles (Aura & Komi, 1986; 

Bosco, Montanari, Ribacchi, et al., 1987; 

Cavagna et al., 1968). In addition, FEC-type 

rowing acted similar like other reactive (SSC) 

sport movements: Vertical jumps preceded by 

countermovements (SSC) increased jump 

heights compared to concentric squat jumps 

(Bobbert & Casius, 2005; Bosco, Montanari, et 

al., 1987; Bosco, et al., 1982). Windup 

movements in throwing (potentially a SSC) 

resulted in an increased power output (Newton 

et al., 1997). Based on these comparisons and 

the results of CHAPTER 2 (Held et al., 2019a), 

FEC-type rowing behaves like other SSC (sport) 

movements. In general, the increased power 

and forces during SSC (compared to isolated 

concentric contractions) (Bosco, Montanari, 

Ribacchi, et al., 1987; Cavagna et al., 1968; 

Gregor et al., 1988) have been frequently 

 
Figure 7.1 Rowing power difference (∆Power, in %) between pure concentric (CON) and FEC-type (FEC: flexion-extension 
cycle) rowing strokes (A; data extracted from CHAPTER 2; Held et al., 2019a). Onset and duration (mean ± standard 
deviations) (%-cycle) of the EMG activity of m. gastrocnemius medialis (grey) and m. vastus medialis (black) for high 
intensity rowing, countermovement jumps (CMJ) and drop jumps (DJ) (B; data extracted from CHAPTER 3; Held et al., 
2020). Relation between power output (rowing and cycling) or swimming velocity and cadence (C). The cycling data was 
extracted from van Soest and Casius (2000); the Swimming data was extracted from Craig and Pendergast (1979); and 
the rowing data was extracted from CHAPTER 4 (Held et al., 2019b). 
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linked to i) the storage and release of elastic 

energy (Bojsen-Møller et al., 2005; Kubo et al., 

1999); ii) stretch-induced contractility 

enhancements (Rode et al., 2009; Seiberl, 

Power, Herzog, et al., 2015); and iii) reflex 

activity and time to peak force (Schenau et al., 

1997b, 1997a). Since CHAPTER 3 (Held et al., 

2020) revealed no pre-activation and reflex 

activity during sEMG measurements (of the leg 

extensor muscles) during FEC-type rowing, the 

storage (and delivery) of elastic energy 

(induced by muscle activation during the 

eccentric phase) and the stretch-induced 

increase in contractility during the concentric 

phase might be the most likely relevant 

contributors to the observed performance 

enhancements in FEc-type rowing. However, 

since the storage (and delivery) of elastic 

energy relies on short transition periods 

between eccentric and concentric phases 

(Bobbert et al., 1987), recent research 

suggested that these aspects does not explain 

the performance enhancement effects of slow 

SSC like CMJ (compared to concentric only 

squat jumps) (Arakawa et al., 2010; Bobbert et 

al., 1996; Bobbert & Casius, 2005; Kurokawa et 

al., 2003). Compared to concentric only squat 

jumps, only a small amount of extra energy is 

stored in the tendinous tissues during the 

countermovement of CMJ (Arakawa et al., 

2010; Bobbert et al., 1996; Kurokawa et al., 

2003), whereas a significant portion of energy 

gets lost as heat during the execution of the 

CMJ (Anderson & Pandy, 1993; Kopper et al., 

2013; Schenau et al., 1997b). Apart from this, 

muscle fiber lengthening during the downward 

phase (of CMJ) are mostly passive (Finni et al., 

2001; Finni et al., 2001; Finni et al., 2000). In 

addition, a corresponding electromyographic 

muscle activity can only be detected briefly 

before the start of the concentric movement 

(at the end of the downward movement) 

during CMJ (Cerrah et al., 2014; Held et al., 

2020a). In contrast, muscle action could be 

isometric (Kopper et al., 2013, 2014) or 

concentric contractions (Kurokawa et al., 2003) 

during fast CMJ (with small amplitude). 

Therefore, van Hooren and Zalotarjova (2017) 

suggested that the contribution of residual 

force enhancement to an enhanced force 

production during a slow SSC (like CMJ) is likely 

small. Based on the dynamics of the motor 

neuron pool excitation and the central 

commands, muscle stimulations are not 

instantaneously at a maximum level but rather 

take some time to develop maximum 

stimulation (Bobbert & van Zandwijk, 1999): 

Due to this electrochemical delay, a simulated 

muscle does not contract instantaneously (van 

Hooren & Bosch, 2016; van Zandwijk et al., 

1996; Zajac, 1989). The electrochemical delay 

is associated with the propagation of the action 

potential across the muscle membrane and the 

excitation contraction coupling (van Hooren & 

Bosch, 2016; van Zandwijk et al., 1996; Zajac, 

1989). Apart from this, the fascicles, tendinous 

tissues and the total muscle tendon unit might 

be slacked in relaxed muscles (Herbert et al., 

2015; Herbert et al., 2011; van Hooren & 

Bosch, 2016). This slack needs to be 
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compensated (and the tendon has to be 

stretched) before forces can be transferred to 

initiate joint movements (van Hooren & 

Zolotarjova, 2017). Altogether, this processes 

of compensating the slack and stretching the 

tendon have been termed as a muscle slack 

(van Hooren & Bosch, 2016). Since the muscle 

slack could take more than 100 milliseconds 

(van Hooren & Bosch, 2016), van Hooren and 

Zolotarjova (2017) suggested the muscle slack 

as a crucial component of the performance 

enhancement effects of slow SSC. In addition, 

the countermovement during CMJ allows 

muscles to build up a high level of active state 

(more attached cross bridges) before 

shortening (Bobbert et al., 1996; Walshe et al., 

1998). This results in greater force outputs at 

the beginning of the concentric motion of CMJ 

(Bobbert et al., 1996) and allows a larger 

distance to be covered at a maximal active 

state during the upward phase of CMJ 

(Arakawa et al., 2010; Schenau et al., 1997a; 

van Ingen Schenau, 1984), compared to 

concentric only squat jumps. Taken together, 

performance enhancement effects of slow SSC 

might be primarily related to the greater 

uptake of the muscle slack (van Hooren & 

Zolotarjova, 2017) and increased contraction 

times (Flanagan & Comyns, 2008; Turner & 

Jeffreys, 2010). In the context of rowing, 

CHAPTER 2 (Held et al., 2019a) revealed higher 

rowing power, leg power and work-per-stroke 

values during FEC-type rowing, compared to 

pure concentric rowing strokes with an 

isometric pre-contraction. In particular, muscle 

activity is higher at the beginning of a 

concentric movement, when preceded by an 

isometric pre-contraction (compared to purely 

concentric contractions) (Svantesson et al., 

1994). Based on these findings, the 

contribution of the muscle slack and increased 

contraction time to enhanced performances of 

FEC-type rowing (compared to concentric 

rowing strokes with an isometric pre-

contraction) is probably small (Held et al., 

2019, 2020). Accordingly, the mechanisms of 

the performance enhancing effects of FEC-type 

rowing are still not clear. Future research 

should examine the contribution of aspects like 

i) stretch-induced contractility enhancements 

(Rode et al., 2009; Seiberl, Power, Herzog, et 

al., 2015); ii) the storage and release of elastic 

energy (Bojsen-Møller et al., 2005; Kubo et al., 

1999); iii) the muscle slack (van Hooren & 

Zolotarjova, 2017); iv) and the increased 

contraction time (Flanagan & Comyns, 2008; 

Turner & Jeffreys, 2010) on the performance 

enhancing effects of FEC-type rowing. In 

addition, future research should address the 

role of gravitation (vertical movement pattern; 

like jumps) vs acceleration (horizontal 

movement pattern; like rowing) on 

performance enhancement effects (FIGURE 

1.2). 

In general, larger differences between 

concentric only squat jumps and SSC-type CMJ 

were frequently attributed to a superior 

utilization of SSC during CMJ (Komi & Bosco, 

1978; McGuigan et al., 2006; Walshe, 1996; 

Young, 2006). Accordingly, the confirmation of 
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the performance enhancement effects of FEC-

type rowing (CHAPTER 2; Held et al., 2020) 

indicated the relevance of SSC for rowing. 

However, a SSC on fascicle level has yet not 

been observed during rowing (FIGURE 7.2). 

Therefore, future research should precisely 

determine whether the muscle fasciae 

complete a SSC during FEC-type rowing (Held et 

al., 2020). In this context, sEMG, goniometer 

and ultrasound measurements of the (m. 

vastus lateralis) fascicle’s operating length and 

velocity as well as the muscle activation during 

rowing are currently in evaluation (Held et al., 

2020). 

Fast & slow SSC 

In general, SSC performances can be increased 

by adequate training (e.g. plyometrics) 

(Faigenbaum et al., 2007; King & Cipriani, 2010; 

Ramírez-Campillo, Meylan, et al., 2015; Zribi et 

al., 2014). In the context of plyometric (SSC 

related) training in rowing, contradictory 

research results however exist (Held et al., 219, 

2020): While one intervention study (n=18; 4 

weeks) revealed rowing-specific performance 

improvements through plyometric training 

(Egan-Shuttler et al., 2017), another 

intervention study (n=24; 9 weeks) observed 

no rowing-specific performance improvements 

(Kramer et al., 1993). These contradictory 

findings might partly be explained by two 

methodological issues (Held et al., 219, 2020): 

i) Both studies used slow (e.g. CMJ) and fast 

(e.g.DJ) SSC exercises during their intervention 

period. However, CHAPTER 3 (Held et al., 2020) 

implicated that any forms of muscle action in 

the fast SSC domain do not reflect discipline-

specific muscle actions and could hamper 

rowing performance enhancement during 

training and competitions (Held, Siebert, et al., 

2020a). In contrast to the overall result of 

CHAPTER 2 (Held et al., 2020), some 

participants showed lower power outputs with 

FEC-type rowing. These few poor responders 

might exhibit a deficiency of reactive force 

capabilities (motions in SSC) (Held et al., 2020). 

 
Figure 7.2 Stretch-shortening Cycle (SSC) in during FEC-type (flexion-extension cycle) rowing 
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ii) However, both rowing related plyometric 

studies (Egan-Shuttler et al., 2017; Kramer et 

al., 1993) did not differentiate participants due 

to their reactive force capabilities. Accordingly, 

further research on the effect of plyometric 

training in rowers with a deficit in the field of 

reactive force capabilities and the application 

of slow SSC exercises are needed (Held et al., 

2020). 

Optimal speed-power relation in SSC 

In general, the power output during SSC 

decreased, if the movement speed increased 

over a certain (optimal) value (Haas & 

Schmidtbleicher, 2011; Komi, 2003). Similar, 

swimming velocity decreased, if the stroke rate 

increased over a certain (optimal) value (Craig 

& Pendergast, 1979; Garland et al., 2009). Also 

for cycling an optimal cadence allowed 

maximum power outputs during competition 

(van Soest & Casius, 2000). In addition, dragon 

boat paddling (Ho et al., 2012) and flatwater 

sprint kayaking (McDonnell, 2013) showed the 

aforementioned optimum relation between 

stroke rates and boat speeds. Even for jumps 

such optimal trends were recognizable, so the 

maximum jump height can only be achieved, if 

the SSC movement is neither too fast nor too 

slow (Haas & Schmidtbleicher, 2011; Komi, 

2003). In contrast, CHAPTER 4 (Held et al., 

2019b) revealed that relevant movement 

parameters in rowing, such as stroke rate, 

gearing and drag factor, showed no optimum 

relation to power outputs. Measurements 

yielded maximum power output for maximal 

stroke rate, gearing, and drag factor (Held et 

al., 2019b), which was in contrast to the 

aforementioned optimal trend in cycling (van 

Soest & Casius, 2000), swimming (Craig & 

Pendergast, 1979; Garland et al., 2009) and 

canoeing (Ho et al., 2012; McDonnell, 2013). As 

discussed in CHAPTER 4 (Held et al., 2019b), 

the stroke rate in rowing is limited due to the 

following three aspects: i) Increased drag 

losses caused by larger boat speed fluctuations 

at higher stroke rates (Aktinsopht, 2010; Hill & 

Fahrig, 2009); ii) the limitation of the (rower's) 

movement speed by the mass inertia; and iii) 

increased energy expenditure during slide 

phase (Dudhia, 2007). Accordingly, the 

recommended optimum cadences ranges for 

cycling (120 rpm; van Soest & Casius, 2000), 

swimming (about 60 spm, depending on 

swimming style; Craig & Pendergast, 1979) and 

kayaking (over 120 rpm, depending on boat 

class; McDonnell, 2013) were well above the 

maximal possible stroke rates in rowing 

(FIGURE 7.1 C; Held, Siebert, et al., 2019). 

Overall, this indicates that the necessary stroke 

rate (or movement speed) for a plateau 

formation of power output could not be 

reached in rowing. 

Conclusion 

In conclusion, the CHAPTER 2 (Held et al., 

2019a) revealed notably higher handle force, 

work-per-stroke, rowing power and leg power 

outputs during FEC-type rowing compared to 

isolated concentric rowing (FIGURE 7.1 A). 

These findings are in line with the general 

force, work, and power enhancements during 

SSC (Bosco, Montanari, Ribacchi, et al., 1987; 
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Cavagna et al., 1968; Gregor et al., 1988). 

Furthermore, slow SSC (CMJ) and race-specific 

high intensity rowing showed a sEMG onset 

during the eccentric phase (FIGURE 7.1 B; 

CHAPTER 3; Held et al., 2020)). In contrast, the 

sEMG onset during fast SSC (DJ) appeared 

before the start of the eccentric phase (before 

the first ground contact) (FIGURE 7.1 B) (Held 

et al., 2020). These findings of the second RCT 

trial (CHAPTER 3; Held et al., 2020) revealed 

that the potential SSC during FEC-type rowing 

is most likely attributable to a slow SSC. 

Accordingly, any forms of muscle action in the 

fast SSC domain do not reflect discipline-

specific muscle actions and could hamper 

rowing performance enhancement during 

training and competitions (CHAPTER 3; Held et 

al., 2020). Taking the observed sEMG activity 

during the late slide phase prior to the onset of 

a new rowing stroke into account (CHAPTER 3; 

Fleming et al., 2014; Guével et al., 2011; Held 

et al., 2020; Janshen et al., 2009; Shaharudin et 

al., 2014; Turpin et al., 2011), the observed 

performance enhancement during FEC-type 

rowing (CHAPTER 2; Held et al., 2019a) 

delivered meaningful insights into force 

enhancements, enabling an adequate FEC 

during rowing patterns. Future ultrasound 

studies should investigate the occurrence and 

magnitude of potential SSC in rowing Held et 

al., 2019a, 2019b, 2020). CHAPTER 4 (Held et 

al., 2019b) yielded maximum power output for 

maximal stroke rate, gearing, and drag factor 

(FIGURE 7.1 C), which is in contrast to the 

optimal trend of comparable parameters in 

other cyclical sport disciplines, such as cycling 

(van Soest et al., 2000), swimming (Craig et al., 

1979; Garland et al., 2009) and canoeing (Ho et 

al., 2012; McDonnell, 2013).  

Practical implication 

• The observed performance enhancements during FEC-type rowing (CHAPTER 2; Held et al., 
2019a) and sEMG activity during the late slide phase prior to the onset of a new rowing stroke 
(CHAPTER 3; Held et al., 2020) emphasize the relevance of the potential SSC in FEC-type rowing. 

• Any forms of muscle action in the fast SSC domain do not reflect discipline-specific muscle 
actions and could hamper rowing performance enhancement during training and competitions 
(CHAPTER 3; Held et al., 2020). 

• In contrast to other cyclical sport disciplines, such as cycling (van Soest et al., 2000), swimming 
(Craig et al., 1979; Garland et al., 2009) and canoeing (Ho et al., 2012; McDonnell, 2013), rowing 
revealed maximum power output for maximal stroke rate, gearing, and drag factor (CHAPTER 
4; Held et al., 2019b). 



CHAPTER 7 

37 
 

7.2 Application of blood flow 

restriction and velocity-based strength 

training during a concurrent training 

approach like rowing 

To the best of our knowledge, CHAPTER 5 

(Held, Behringer, et al., 2019) was the first 2-

armed RCT that aimed at investigating whether 

a pBFR application during low intensity 

endurance rowing favourably improves 1RM 

and V̂O2max compared to low intensity rowing 

without pBFR (FIGURE 7.3 A). In addition, the 

two-armed RCT of CHAPTER 6 (Held, 

Hecksteden, et al., 2020) examined the effects 

of velocity-based strength training at 10% 

velocity loss (VL10) vs traditional 1RM based 

resistance training to failure (TRF) on 1RM and 

V̂O2max. Group allocation did not reveal 

baseline differences between intervention and 

control groups of anthropometric and 

performance data for both RCT. Also, 

intervention and control group showed similar 

training characteristics across the intervention 

period for both RCT. However, VL10 completed 

fewer repetitions during the resistance training 

(related to the total intervention period) 

compared to TRF. The key finding of CHAPTER 

5 (Held, Behringer, et al., 2019) underpined 

that 5 weeks of pBFR during low intensity 

rowing (CHAPTER 5; Held, Behringer, et al., 

2019) with an overall cumulative stimulus of 

approximately 5h led to large and remarkable 

increases of V̂O2max (FIGURE 7.3 A). In 

contrast, strength performance during squat 

testing did not significantly benefit from pBFR 

(FIGURE 7.3 A). In contrast, our key findings of 

the second RCT (CHAPTER 6; Held, Hecksteden, 

et al., 2020) revealed remarkable increases of 

squat, deadlift, bench row and bench press 

1RM for VL10, compared to TRF (FIGURE 7.3 B). 

In addition, the VL10 resulted in relevantly 

lower overall stress and higher recovery scores 

(at 24 and 48h post resistance training), 

compared to TRF. Despite the lower stress and 

less total repetitions during resistance training 

by VL10, similar improvements of V̂O2max and 

power at V̂O2max were observed during VL10 

and TRF (CHAPTER 6; Held, Hecksteden, et al., 

2020). 

Endurance adaptations 

In line with our results (CHAPTER 5; Held, 

Behringer, et al., 2019), recent reviews 

 

Figure 7.3 Effects of blood flow restriction (BFR; orange) vs control group (noBFR; blue) on maximum oxygen uptake 
(VO2max) and one repetition maximum (1RM) (A; data extracted from CHAPTER 5; Held, Behringer, et al., 2019). Effects 
of velocity based strength training with 10% velocity loss (VL10; orange) vs traditional resistance training to repetition 
failure (TRF; blue) on VO2max and mean 1RM (B; data extracted from CHAPTER 6; Held, Hecksteden, et al., 2020). The 
PRE-POST change score is presented for each parameter. 
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(Bennett & Slattery, 2018; Cesar Gomes Silva et 

al., 2019) and meta-analyses (Formiga et al., 

2020) reported significant and consistent 

higher improvements in V̂O2max after low to 

moderate intensity aerobic exercise training 

with BFR (compared to similar aerobic exercise 

training without BFR). These V̂O2max 

adjustments might be presumably induced by 

the aerobic exercises with BFR and by the 

subsequent cessation of BFR (reperfusion) 

(Formiga et al., 2020). In general, compared to 

the same exercise without BFR, the following 

mechanisms could be assumed for the V̂O2max 

adaptations of BFR amplifications: i) increased 

central cardiovascular response during 

exercise (Patterson et al., 2019) by elevated 

heartrates (Fry et al., 2010; Renzi et al., 2010; 

Silva et al., 2018, 2019); systolic blood pressure 

and diastolic blood pressure (May et al., 2017; 

Sugawara et al., 2015; Takano et al., 2005; 

Vieira et al., 2013); ii) some evidences for 

increased oxygen consumption (Mendonca et 

al., 2014; Ozaki et al., 2010; Silva et al., 2019); 

iii) increased post exercise oxygen 

consumption (Mendonca et al., 2015); iv) some 

evidences of increased blood lactate 

concentration (Corvino et al., 2017; Thomas et 

al., 2018); v) some evidences of acute 

increased stroke volume during aerobic 

exercises (Esparza, 2017; Park et al., 2010); vi) 

increased one minute ventilation (Esparza, 

2017); vii) increased hematopoietic factors 

such as erythropoietin, hemoglobin, and 

hematocrit concentrations (Dale et al., 2014; 

Koistinen et al., 2000); viii) declined oxygen 

delivery and metabolite clearance (Suga et al., 

2009); ix) increased oxidative stress 

(Christiansen et al., 2018); and x) increased 

oxygen delivery to the trained musculature 

after BFR cessation (Kacin & Strazar, 2011). In 

the context of rowing, a recent published 

research (Mahoney et al., 2019) observed 

increased heart rate and RPE, decreased 

muscle oxygen saturation and similar post 

exercise lactate values and sEMG muscle 

activation (m. vastus lateralis and m. biceps 

femoris) during rowing with BFR (compared to 

similar rowing without BFR). This acute 

physiological responses of leg BFR during 

rowing confirmed an increased cardiovascular 

and perceptual response during BFR rowing 

(Mahoney et al., 2019). Apart from this, BFR 

induced changes in tissue filtration capacity 

could reflect improvements in microvascular 

capillarization (Brown & Weir, 2001). 

Therefore, increased muscle filtration capacity 

after BFR training (Evans et al., 2010; Hunt et 

al., 2013) indicated the potential of BFR 

training to increase oxygen delivery (Nielsen et 

al., 2020). In addition, muscle biopsies (m. 

vastus lateralis) revealed microvascular 

adaptations (i.e., capillary neoformation and 

changes in morphology), which probably 

contributes to the endurance effects of BFR 

training (Nielsen et al., 2020). A higher post 

training muscle deoxygenation after BFR 

training indicated the capacity of the exercising 

muscles to work with a higher supply of oxygen 

(Keramidas et al., 2012). All together a recent 

systematic review (Gomes Silva et al., 2019) 
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summarized that the combination of BFR and 

aerobic exercises induces positive acute and 

chronic adaptations in neuromuscular and 

metabolic patterns, higher hemodynamic 

responses and higher energy demands during 

and after exercises, when compared so similar 

exercises without BFR. Overall, our current 

results (CHAPTER 5; Held, Behringer, et al., 

2019) indicated that the combination of pBFR 

and low intensity aerobic exercise training can 

be classified as a suitable and feasible 

complementary treatment to improve aerobic 

capacity. In contrast, velocity-based resistance 

training with 10% velocity loss and traditional 

1RM-based resistance training to failure leads 

to similar V̂O2max and power at V̂O2max 

improvements during a concurrent training 

setting (CHAPTER 6; Held, Hecksteden, et al., 

2020). These adaptations of aerobic capacities 

(CHAPTER 6; Held, Hecksteden, et al., 2020) 

were comparable to those of the non pBFR 

(control) group of our previous rowing related 

study (CHAPTER 5; Held, Behringer, et al., 

2019). Therefore, the endurance-specific 

stimulus of both groups (VL10 and TRF) can be 

judged as sufficient. However, V̂O2max and 

power at V̂O2max were not affected by the 

velocity-based strength training intervention. 

In general, the observation of similar V̂O2max 

and power at V̂O2max improvements during a 

concurrent training approach in both groups 

(CHAPTER 6; Held, Hecksteden, et al., 2020) is 

in line with previous research, since the 

majority of current research showed no 

negative effects of concurrent training on 

endurance parameters (Docherty & Sporer, 

2000; Hickson et al., 1988; Rønnestad et al., 

2010). 

Strength adaptations 

However, 8 weeks of VL10 led to significantly 

large increases of strength (1RM of squat, 

deadlift, bench row and bench press) during a 

concurrent training setting (CHAPTER 6; Held, 

Hecksteden, et al., 2020). These results are 

particularly remarkable, since 1RM adaptations 

are usually inhibited by concurrent strength 

and endurance training (García-Pallarés & 

Izquierdo, 2011; Hickson et al., 1988; 

Izquierdo-Gabarren et al., 2009; Leveritt et al., 

1999). In this context, the level of interference 

of concurrent training is influenced by the 

initial training status of athletes, the exercise 

mode, the volume, the intensity and frequency 

of training (Doma et al., 2019; García-Pallarés 

& Izquierdo, 2011). Since resistance training in 

the 8-10RM range and aerobic power training 

induce opposite adaptations on the same 

peripheral components (Docherty & Sporer, 

2000; García-Pallarés & Izquierdo, 2011), the 

training procedure of both groups, VL10 and 

TRF (CHAPTER 6; Held, Hecksteden, et al., 

2020), could induce interference effects 

between strength and endurance adaptations. 

Therefore, training to failure routines may even 

be counterproductive by causing excessive 

fatigue due to mechanical and metabolic stress 

for subsequent training sessions (Draganidis et 

al., 2013; Folland et al., 2002; Pareja-Blanco, 

Rodríguez-Rosell, et al., 2017). As a result, 
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moderate strength training volume not to 

failure might provide a favourable 

environment for achieving greater gains in 

strength during a concurrent training setting, 

when compared with higher training volumes 

to repetition failure (Doma et al., 2019; García-

Pallarés & Izquierdo, 2011; Izquierdo-Gabarren 

et al., 2009). These previous results were 

underpinned by our data (CHAPTER 6; Held, 

Hecksteden, et al., 2020), since VL10 (no 

repetition failure) revealed even superior 

strength adaptations, compared to TRF 

(repetition failure). Without endurance 

training, lower velocity losses resulted in 

similar or higher strength gains as higher 

velocity losses (Pareja-Blanco et al., 2017; 

Pareja-Blanco et al., 2020; Pareja-Blanco, 

Sánchez-Medina, et al., 2017; Pérez-Castilla et 

al., 2018; Sánchez-Moreno et al., 2020): i) 25% 

velocity loss (n=29; 8 weeks) revealed higher 

strength (1RM and repetition to failure) gains 

compared to 50% velocity loss, despite lower 

total volume for the 25% velocity loss group 

(Sánchez-Moreno et al., 2020); ii) 10% vs 20% 

velocity loss (n=20; 4 weeks, matched volume) 

induced similar 1RM gains (Pérez-Castilla et al., 

2018); iii) 15% vs 30% velocity loss (n=16; 6 

weeks) revealed similar 1RM gains, despite 

lower total volume for the 10% velocity loss 

group (Pareja-Blanco, Sánchez-Medina, et al., 

2017); iv) 0%, 10%, 20% and 40% velocity loss 

(n=64; 8 weeks) induced similar 1RM gains, 

despite decreasing total volume from 0% to 

10% to 20% to 40% velocity loss group (Pareja-

Blanco et al., 2020); and v) 20% vs 40% velocity 

loss (n=24; 8 weeks) revealed similar 1RM 

gains, despite lower total volume for the 20% 

velocity loss group (Pareja-Blanco et al., 2017). 

In contrast, CHAPTER 6 (Held, Hecksteden, et 

al., 2020) revealed that higher velocity losses 

could induce increased 1RM adaptations 

during a concurrent strength and endurance 

training setting. During such a concurrent 

setting, the training “not to repetition failure” 

might speeds up recovery from resistance 

training, allowing subsequent endurance 

training at a superior performance (Doma et 

al., 2019; García-Pallarés & Izquierdo, 2011; 

Morán-Navarro et al., 2017). In this context, 

velocity loss provides a practical and non-

invasive way to estimate acute metabolic 

stress, hormonal response, muscle damage, 

autonomic cardiovascular response and 

mechanical fatigue induced by the resistance 

training session (Pareja-Blanco, Rodríguez-

Rosell, et al., 2017; Rodríguez-Rosell et al., 

2019; Sánchez-Medina & González-Badillo, 

2011). A lower velocity loss decreased the total 

number of repetitions (Pareja-Blanco et al., 

2017; Pareja-Blanco et al., 2020; Weakley, 

Ramirez-Lopez, et al., 2020) and resulted in 

lower (RPE, lactate, ammonia) measures of 

fatigue (Sánchez-Medina & González-Badillo, 

2011; Weakley, McLaren, et al., 2020). Previous 

studies suggested the existence of an inverted 

U-shaped relationship between training 

volume and performance increase (González-

Badillo et al., 2006; Kuipers, 1996; Sánchez-

Moreno et al., 2020). Accordingly, once a 

certain amount of training volume is achieved, 
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performing additional repetitions elicit further 

strength gains and may even be detrimental for 

improving strength (Pareja-Blanco, Sánchez-

Medina, et al., 2017). In this context, Sánchez-

Moreno and colleagues (2020) concluded that 

a certain percentage of velocity loss during the 

training program seems to be a plausible way 

to avoid performing unnecessarily fatiguing 

repetitions that may not contribute to the 

desired training effects. This is in line with our 

results (CHAPTER 6; Held, Hecksteden, et al., 

2020) as VL10 resulted in fewer total number 

of repetitions and lower perceived training 

intensities during resistance training compared 

to TRF. These findings might refer to a reduced 

training-induced stress of VL10. The observed 

lower overall stress adaptations and higher 

overall recovery adaptations (24 and 48h post 

resistance training sessions) for VL10 revealed 

that the lower acute fatigue (Sánchez-Medina 

& González-Badillo, 2011) was also 

transferable to the 24 and 48h post resistance 

training values. 

Although a recent meta-analysis showed 

slightly higher strength gains after low intensity 

aerobic training with BFR (compared to the 

control condition without BFR) (Slysz et al., 

2016), squat 1RM was not beneficially affected 

by the pBFR intervention (CHAPTER 5; Held, 

Behringer, et al., 2019). Our study considered 

pBFR during low intensity rowing as an 

additional complementary strategy during 

concurrent training of high load resistance 

training and extensive endurance training 

(CHAPTER 5; Held, Behringer, et al., 2019). 

Therefore, our results are in line with other 

meta-analyses (Grønfeldt et al., 2020; 

Lixandrão et al., 2018), which reported lower 

(Lixandrão et al., 2018) to comparable 

(Grønfeldt et al., 2020) strength adaptations of 

low intensity BFR training when compared to 

high load resistance training. 

Future research 

A limitation of the first RCT (CHAPTER 5; Held, 

Behringer, et al., 2019) was, that rowing 

performance could only be indirectly evaluated 

by a performance surrogate (V̂O2max and 

power at V̂O2max). Nevertheless, the observed 

increases in power at V̂O2max confirmed the 

benefits of pBFR in rowing. In addition, V̂O2max 

and power at V̂O2max are frequently regarded 

as a crucial determinant of rowing 

performance (Bourdin et al., 2017; Ingham et 

al., 2002; Turnes et al., 2020; Yoshiga & 

Higuchi, 2003). Apart from this, there are some 

evidences of increased perceived training 

intensity (RPE) during aerobic BFR exercises 

(Abe, Fujita, et al., 2010; de Oliveira et al., 

2016). Therefore, future research should 

integrate rates of perceived exertion (Foster et 

al., 2001) and stress and recovery data (Nässi 

et al., 2017) with an emphasis on direct 

performance indicators such as time trials. The 

main limitation of the second RCT (CHAPTER 6; 

Held, Hecksteden, et al., 2020) was the missing 

velocity data of the control group during 

training. However, similar intensity can be 

assumed in both groups, as the load was fixed 

at 80% 1RM in both groups. Furthermore, the 
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daily stress and recovery recording provided a 

precise feedback on the daily training load in 

both groups. Altogether, these limitations 

confirmed the necessity of further research in 

the field of BFR and VBT in rowing. Future 

research should also investigate the 

interference effects of VBT in a concurrent 

training setting and its effects when increasing 

weekly velocity-based strength training 

sessions within one macrocycle. Apart from 

this, future research should consider molecular 

analyses (e.g. AMPK or mTOR) during a 

concurrent training approach with VBT. 

Furthermore, the effects of VBT should be 

examined in other endurance disciplines like 

running, cycling or swimming. In addition, the 

acute responses of BFR in rowing should be 

considered in order to elucidate possible 

mechanisms of V̂O2max adaptations. 

Conclusion 

In summary, the first RCT (CHAPTER 5; Held, 

Behringer, et al., 2019) with highly trained elite 

rowers revealed considerable increases in 

V̂O2max and power at V̂O2max in favour of the 

pBFR application during low intensity 

endurance rowing, compared to the same 

training without pBFR. Squat 1RM was not 

beneficially affected by the pBFR protocol. 

Therefore, training-induced adaptations of 

V̂O2max and power at V̂O2max from (low 

intensity) rowing can be improved by an easy 

applicable use of elastic knee wraps as a 

practical method of BFR. The RCT of CHAPTER 

6 (Held, Hecksteden, et al., 2020) examined the 

effects of velocity-based strength training with 

a 10% velocity loss vs. traditional 1RM-based 

resistance training to failure on 1RM and 

V̂O2max in a concurrent training approach. 

VL10 revealed remarkable increases in 1RM (of 

squat, deadlift, bench row and bench press) 

compared to TRF. V̂O2max and power at 

V̂O2max showed similar improvements by VL10 

and TRF during the concurrent training 

approach. In addition, the used 10% velocity 

loss during velocity-based strength training 

resulted in relevantly lower overall stress and 

higher recovery scores (at 24 and 48h post 

resistance training), compared to TRF. 

Accordingly, velocity-based strength training 

with a 10% velocity loss induced greater 

strength adaptations despite lower perceived 

training intensities during resistance training 

and reduced training-induced stress 

(decreased overall stress and increased 

recovery).

Practical implication 

• Practical blood flow restriction (pBFR) using elastic knee wraps applied to the upper thighs 
serves as an adequate method to increase aerobic capacity in highly trained endurance athletes 
(CHAPTER 5; Held, Behringer, et al., 2019). 

• Velocity-based training with a 10% velocity loss is a less demanding training method, which in 
addition leads to superior strength and similar endurance adaptations (compared to 1RM-based 
resistance training to failure) (CHAPTER 6; Held, Hecksteden, et al., 2020). 
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CHAPTER 8 Summary 

In general, rowing can be characterized as a cyclical (Guével et al., 2011; Turpin et al., 2011) strength-

endurance sport (García-Pallarés & Izquierdo, 2011; Mäestu et al., 2005; Nugent et al., 2020). 

Therefore, three cross-sectional studies (CHAPTER 2-4; Held et al., 2019a, 2019b, 2020) were 

conducted to examined the cyclical character of rowing (CHAPTER 8.1). Subsequent, two longitudinal 

studies (CHAPTER 5-6; Held, Behringer, et al., 2019; Held, Hecksteden, et al., 2020) examined rowing 

as a strength-endurance-sport (CHAPTER 8.2), by evaluating the effects of blood flow restriction and 

velocity-based strength training on relevant performance surrogates in rowing.  

8.1 Cyclical character of rowing 

Purpose: The consideration of the temporal 

and electromyographic (EMG) characteristics 

of stretch-shortening cycles (SSC) are crucial 

for the conceptualization of discipline-specific 

testing and training. In general, SSC are 

characterized by i) performance enhancement 

effects compared to isolated concentric 

contractions (Bosco, Montanari, Ribacchi, et 

al., 1987; Cavagna et al., 1968; Flanagan & 

Comyns, 2008); ii) a training-methodological 

differentiation of slow and fast SSC (Duncan & 

Lyons, 2009; Flanagan, 2007; Schmidtbleicher, 

1992); and iii) by utilising optimal movement 

parameters (e.g. muscle shortening velocity) 

for maximum power outputs (e.g. jump height, 

cycle velocity)(Haas & Schmidtbleicher, 2011; 

Komi, 2003; van Soest & Casius, 2000). It is 

however unclear, if the potential SSC during 

flexion-extension cycle (FEC) of the legs in 

rowing i) revealed performance enhancement 

effects (CHAPTER 2; Held et al., 2019a); ii) can 

be attributed to either a slow or fast SSC 

(CHAPTER 3; Held et al., 2020); and iii) is 

characterized by an optimum relation between 

power output and relevant movement 

parameters (like stroke rate, gearing and drag 

factor) (CHAPTER 4; Held et al., 2019b). 

Methods: Thus, CHAPTER 2 (Held et al., 2019a) 

examined the occurrence and magnitude of 

rowing performance enhancements during 

FEC-type rowing compared to both, concentric 

contractions only and isometric pre-

contraction. Therefore, 31 sub-elite male 

rowers (25 ± 6 years, 1.90 ± 0.02 m, 91 ± 10 kg, 

weekly training volume: 11.4 ± 5.3 h·week-1, 

rowing experience: 7.1 ± 2.7 years) randomly 

completed i) isolated concentric rowing strokes 

(DRIVE); ii) single FEC-type rowing strokes 

(SLIDE-DRIVE); and iii) rowing strokes with an 

isometric pre-contraction (ISO-DRIVE). The 

resulting rowing power (Prow), leg power (Pleg) 

and work-per-stroke (WPS) were recorded 

using motion-capturing, force and rotation 

sensors. Subsequent, CHAPTER 3 (Held et al., 

2020) captured EMG of the m. vastus medialis 

and m. gastrocnemius of 10 sub-elite male 

rowers (23 ± 3 years, 1.90 ± 0.06 m, 82.1 ± 9.8 

kg) during (single scull) rowing and 

subsequently compared to typical slow 

(countermovement jump, CMJ) and fast (drop 



CHAPTER 8 

44 
 

jump, DJ) SSC. The elapsed time between the 

EMG onset and the start of the eccentric phase 

was monitored. The pre-activation phase (PRE; 

before the start of the eccentric phase) and the 

reflex induced activation phase (RIA; 30-120 ms 

after the start of the eccentric phase) have 

been classified. Finally, CHAPTER 4 (Held et al., 

2019b) measured Prow, Pleg and WPS in 

dependence of varying stroke rates (20-45 

spm), gearings (lever-changes 0.87-0.90 m) and 

drag factors (100-180 Ws3·m-3) during rowing. 

Therefore, experienced sub-elite rowers 

performed sprint series on (single scull; n=69, 

20 ± 2 years, 1.86 ± 0.07 m, 84 ± 9 kg) and off 

the water (rowing ergometer; n=30, 19 ± 3 

years, 1.85 ± 0.11 m, 77 ± 19 kg). 

Results: The comparison of DRIVE and SLIDE-

DRIVE in CHAPTER 2 (Held et al., 2019a) 

revealed significantly (p<0.05) higher Prow 

(+11.8 ± 14.0 %), Pleg (+19.6 ± 26.7 %) and WPS 

(+9.9 ± 10.5 %) during SLIDE-DRIVE. Compared 

to ISO-DRIVE, Pleg (+9.8 ± 26.6 %), and WPS 

(+6.1 ± 6.7 %) were again significantly (p<0.05) 

higher for SLIDE-DRIVE. CHAPTER 3 (Held et al., 

2020) revealed notable muscular activity 

during DJ before the start of the eccentric 

phase (PRE) as well as during RIA. In contrast, 

neither CMJ nor rowing showed any EMG 

activity in these two phases. Interestingly, CMJ 

and race-specific rowing revealed an EMG 

onset during the eccentric phase. CHAPTER 4 

(Held et al., 2019b) observed that Prow 

Increased with stroke rates for boat (r=0.98, 

p<0.001) and ergometer measurements 

(r=0.97, p<0.001) by 4.4% and 2.7% per stroke, 

respectively. Interestingly, stroke rate had a 

high impact on WPS (r=0.79, p<0.001) during 

boat measurement, compared to no (or 

specifically no high) impact on WPS (r=-0.10, 

p=0.166) during ergometer measurements. 

Gearing (boat: r=0.60, p<0.001) and drag factor 

(ergometer: r=0.83, p<0.001) yielded moderate 

to high correlations to Prow. 

Conclusion: In conclusion, notably higher work 

and power outputs (compared to an isolated 

concentric contraction) during FEC-type rowing 

(CHAPTER 2; Held et al., 2019a) referred to an 

potentially underlying SSC. The results of 

CHAPTER 3 (Held et al., 2020) indicated that 

this potential SSC during FEC-type rowing is 

more attributable to slow SSC and implied that 

fast SSC does not reflect discipline-specific 

muscle action and could hamper rowing 

performance enhancements. The findings of 

CHAPTER 4 (Held et al., 2019b) revealed that 

there exist no optimum stroke rate, gearing 

and drag factor for maximum power outputs in 

rowing (sprint measurement range). 

Accordingly, the measurements yielded 

maximum power for maximal stroke rate, 

gearing, and drag factor. Future ultrasound 

studies should elucidate whether FEC-type 

rowing contains a real SSC on fascicle level. 

8.2 Developing strength-endurance in 

rowing 

Purpose: The present randomized controlled 

trial (RCT) (CHAPTER 5; Held, Behringer, et al., 

2019) examined the effects of practical blood 
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flow restriction (pBFR) on maximal oxygen 

uptake (V̂O2max) and one-repetition maximum 

(1RM) during low intensity rowing. 

Subsequent, the RCT of CHAPTER 6 (Held, 

Hecksteden, et al., 2020) examined the effects 

of velocity-based strength training with a 10% 

velocity loss (VL10) vs. traditional 1RM based 

resistance training to failure (TRF) on 1RM and 

V̂O2max during a concurrent training setting. 

Methods: Thus, CHAPTER 5 (Held, Behringer, 

et al., 2019) assigned 31 elite rowers to either 

BFR or non BFR (noBFR) groups by using the 

minimization method (strata: gender, age, 

height, V̂O2max). While BFR (n=16; 4 female, 12 

male, 22 ± 3 years, 1.80 ± 0.09 m, 73.6 ± 10.9 

kg, V̂O2max: 63.0 ± 7.9 ml·kg-1·min-1) used pBFR 

during boat and indoor rowing training, noBFR 

(n=15, 4 female, 11 male, 22 ± 4 years, 1.80 ± 

0.08 m, 72.5 ± 12.1 kg, V̂O2max: 63.2 ± 8.5 

ml·kg-1·min-1) completed the identical training 

without pBFR. pBFR of the lower limb was 

applied via customized elastic wraps. The pBFR 

training took place three times a week over 5 

weeks (accumulated net pBFR: 60 min per 

week; occlusion per session: 2-times 10 min) 

and was used exclusively at low intensities. A 

spiroergometric rowing ergometer ramp test 

(V̂O2max) and an 1RM test of the squat exercise 

(SQ1RM) was employed to assess endurance 

and strength capacities. Subsequent, CHAPTER 

6 (Held, Hecksteden, et al., 2020) assigned 21 

highly trained rowers (4 female, 17 male, 19.6 

± 2.1 years, 1.83 ± 0.07 m, 74.6 ± 8.8 kg, 

V̂O2max: 64.9 ± 8.5 ml·kg-1·min-1) to either VL10 

or TRF, using the minimization method (strata: 

gender, age, height, V̂O2max, sum of 1RM). In 

addition to endurance training (about 75 min 

per day), both groups performed VL10 or TRF 

resistance training (5 exercises, 80% 1RM, 4 

sets, 2-3 min inter-set recovery, 2-times per 

week) over 8 weeks. Squat (SQ1RM), deadlift 

(DL1RM), bench row (BR1RM) and bench press 

(BP1RM) 1RM and V̂O2max rowing ergometer 

ramp tests were completed. Overall recovery 

(OR) and overall stress (OS) were monitored 

every evening using the Short Recovery and 

Stress Scale.  

Results: CHAPTER 5 (Held, Behringer, et al., 

2019) revealed significant group × time 

interactions (p<0.05, ηp²=0.26) in favour of BFR 

for V̂O2max (+9.1 ± 6.2 %, standard mean 

differences [SMD] = 1.3) compared to noBFR 

(+2.5 ± 6.1 %, SMD = 0.3). SQ1RM (p>0.05, ηp² 

= 0.01) was not affected by the pBFR 

intervention. CHAPTER 6 (Held, Hecksteden, et 

al., 2020) revealed significant group × time 

interactions (p<0.03, ηp²>0.23, SMD>0.65) in 

favour of VL10 (averaged +18.0 ± 11.3 %) for 

SQ1RM, BR1RM and BP1RM compared to TRF 

(averaged +8.0 ± 2.9 %). V̂O2max revealed no 

interaction effects (p=0.55, ηp²=0.01, 

SMD<0.23) but large time effects (p<0.05, 

ηp²>0.27). Significant group × time interactions 

(p=0.001, ηp
2>0.54, SMD>|0.525|) in favour of 

VL10 were observed for OR and OS 24 and 48h 

post resistance training. 

Conclusion: CHAPTER 5 (Held, Behringer, et al., 

2019) revealed that 15 sessions of pBFR 

application with a cumulative total pBFR 



CHAPTER 8 

46 
 

stimulus of 5h over a 5 weeks macrocycle 

remarkably increased V̂O2max. Thus, pBFR 

might serve as promising method to improve 

aerobic capacity in highly trained elite rowers. 

In addition, CHAPTER 6 (Held, Hecksteden, et 

al., 2020) revealed that VL10 might serve as a 

promising method to improve strength 

capacity at lower repetitions and stress levels 

in highly trained athletes. 
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CHAPTER 9 Zusammenfassung 

Allgemein kann Rudern als zyklische (Guével et al., 2011; Turpin et al., 2011) Kraft-Ausdauer (García-

Pallarés & Izquierdo, 2011; Mäestu et al., 2005; Nugent et al., 2020) Disziplin definiert werden. 

Dementsprechend wurden in drei querschnittlichen Studien (CHAPTER 2-4; Held et al., 2019a, 2019b, 

2020) der zyklische Charakter des Ruderns thematisiert (CHAPTER 9.1). In zwei anschließenden 

Längsschnittstudien (CHAPTER 2-4; Held et al., 2019a, 2019b, 2020) wurde Rudern als Kraft-Ausdauer 

Disziplin untersucht (CHAPTER 8.2), indem die Auswirkungen von blood flow restriction (BFR) und 

velocity-based strength training (VBT) auf relevante Leistungssurrogate im Rudern untersucht wurden.  

9.1 Zyklischer Charakter des Ruderns 

Ziel: Die Berücksichtigung der zeitlichen und 

elektromyographischen (EMG) Charakteristika 

von stretch-shortening cycles (SSC) ist 

grundlegend für die Konzeptualisierung 

disziplinspezifischer Tests und Trainings. 

Generell sind SSC gekennzeichnet durch i) 

leistungspotenzierende Effekte im Vergleich zu 

isolierten konzentrischen Kontraktionen 

(Bosco, Montanari, Ribacchi, et al., 1987; 

Cavagna et al., 1968; Flanagan & Comyns, 

2008); ii) eine trainingsmethodologische 

Differenzierung von langsamen und schnellen 

SSC (Duncan & Lyons, 2009; Flanagan, 2007; 

Schmidtbleicher, 1992); und iii) durch die 

Nutzung optimaler Bewegungsparameter (z.B. 

Muskelverkürzungsgeschwindigkeit) für 

maximale Leistungsoutputs (z.B. Sprunghöhe, 

Zyklusgeschwindigkeit) (Haas & 

Schmidtbleicher, 2011; Komi, 2003; van Soest 

& Casius, 2000). Es ist jedoch unklar, ob der 

potentielle SSC während des flexion-extension 

cycle (FEC) der Beine im Rudern i) 

leistungspotenzierende Effekte zeigt (CHAPTER 

2; Held et al., 2019a); ii) entweder einem slow 

oder fast SSC zugeordnet werden kann 

(CHAPTER 3; Held et al., 2020); und iii) durch 

ein optimales Verhältnis zwischen 

Leistungsoutputs und relevanten 

Bewegungsparametern (wie Schlagfrequenz, 

gearing und drag factor) gekennzeichnet ist 

(CHAPTER 4; Held et al., 2019b). 

Methoden: CHAPTER 2 (Held et al., 2019a) 

untersuchte Auftreten und Ausmaß von 

leistungspotenzierenden Effekten während des 

FEC Ruderns im Vergleich zu rein konzentrischen 

Kontraktionen und konzentrischen 

Kontraktionen mit isometrischen 

Vorkontraktionen. Daher absolvierten 31 

männliche Ruderer (25 ± 6 Jahre; 1,90 ± 0,02 m; 

91 ± 10 kg; wöchentliches Trainingsvolumen: 

11,4 ± 5,3 h·woche-1; Rudererfahrung: 7,1 ± 2,7 

Jahre) i) isolierte konzentrische Ruderschläge 

(DRIVE); ii) einzelne FEC Ruderschläge (SLIDE-

DRIVE); und iii) Ruderschläge mit isometrischer 

Vorkontraktion (ISO-DRIVE) in randomisierter 

Reihenfolge. Die resultierende rowing power 

(Prow), leg power (Pleg) und work-per-stroke 

(WPS) wurden mit Hilfe von Motion-Capturing, 

Kraft- und Rotationssensoren aufgezeichnet. 

Anschließend wurde in CHAPTER 3 (Held et al., 
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2020) die EMG Aktivität des m. vastus medialis 

und des m. gastrocnemius von 10 männlichen 

Ruderern (23 ± 3 Jahre; 1,90 ± 0,06 m; 82,1 ± 

9,8 kg) während des Ruderns (single scull) 

aufgezeichnet und anschließend mit typischen 

slow (countermovement jump, CMJ) und fast 

(drop jump, DJ) SSC verglichen. Die 

verstrichene Zeit zwischen dem Beginn der 

EMG Aktivität und dem Start der exzentrischen 

Phase wurde jeweils in pre-activation Phase 

(PRE; vor Beginn der exzentrischen Phase) und 

reflex induced activation Phase (RIA; 30-120 ms 

nach Beginn der exzentrischen Phase) 

kategorisiert. Abschließend wurden in 

CHAPTER 4 (Held et al., 2019b) Prow, Pleg und 

WPS in Abhängigkeit von unterschiedlichen 

Schlagfrequenzen (20-45 spm), gearing 

(Hebellängen 0,87-0,90 m) und drag factor 

(100-180 Ws3·m-3) beim Rudern gemessen. Im 

Zuge dessen absolvierten erfahrene Ruderer 

Sprintserien im Boot (single scull; n=69, 20 ± 2 

Jahre, 1,86 ± 0,07 m, 84 ± 9 kg) und auf dem 

Ruderergometer (n=30, 19 ± 3 Jahre, 1,85 ± 

0,11 m, 77 ± 19 kg). 

Ergebnisse: Der Vergleich von DRIVE und 

SLIDE-DRIVE in CHAPTER 2 (Held et al., 2019a) 

zeigte signifikant (p<0,05) höhere Prow (+11,8 ± 

14,0 %), Pleg (+19,6 ± 26,7 %) und WPS (+9,9 ± 

10.5 %) während SLIDE-DRIVE. Im Vergleich zu 

ISO-DRIVE waren Pleg (+9,8 ± 26,6 %) und WPS 

(+6,1 ± 6,7 %) bei SLIDE-DRIVE ebenfalls 

signifikant (p<0,05) höher. CHAPTER 3 (Held et 

al., 2020) zeigte bei DJ sowohl vor Beginn der 

exzentrischen Phase (PRE) als auch während 

der RIA Phase eine relevante Muskelaktivität. 

Im Gegensatz dazu zeigten weder CMJ noch 

Rudern in diesen beiden Phasen eine EMG-

Aktivität. Interessanterweise zeigten CMJ und 

wettkampfspezifisches Rudern einen EMG-

Onset während der exzentrischen Phase. 

CHAPTER 4 (Held et al., 2019b) zeigte, dass Prow 

mit steigender Schlagfrequenz während der 

Messungen im Boot (r=0,98, p<0,001; 

4,4%/Schlag) und auf dem Ergometer (r=0,97, 

p<0,001; 2,7%/Schlag) zunahm. Während die 

Schlagfrequenz einen hohen Einfluss auf die 

WPS (r=0,79, p<0,001) bei der Messung im 

Boot hatte, konnten keine hohen Effekte auf 

die WPS (r=-0,10, p=0,166) während der 

Ergometer Messungen beobachtet werden. 

Gearing (Boot: r=0,60, p<0,001) und drag 

factor (Ergometer: r=0,83, p<0,001) zeigten 

mäßige bis hohe Korrelationen zu Prow. 

Fazit: Zusammenfassend ist festzustellen, dass 

insbesondere die höheren Arbeits- und 

Leistungswerte (im Vergleich zu einer isolierten 

konzentrischen Kontraktion) beim FEC Rudern 

(CHAPTER 2; Held et al., 2019a) auf einen 

möglicherweise zugrundeliegende SSC 

hinweisen. Die Ergebnisse von CHAPTER 3 

(Held et al., 2020) deuten darauf hin, dass 

dieser potentielle SSC eher dem langsamen SSC 

zuzuschreiben ist. Dementsprechend spiegeln 

schnelle SSC keine ruderspezifischen 

Muskelaktionen wider und könnten somit 

Leistungssteigerungen hemmen. Die 

Ergebnisse von CHAPTER 4 (Held et al., 2019b) 

konnte kein Optimum der Schlagfrequenz, des 

gearing oder des drag factor für maximale 

Leistungswerte im Rudern beobachten. 
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Dementsprechend resultierten aus maximalen 

Schlagfrequenzen, gearing und drag factor 

auch maximale Leistungswerte. Daraus 

resultierend ergaben die Messungen die 

maximale Leistung für die maximale 

Hubgeschwindigkeit, das Getriebe und den 

Widerstandsfaktor. Zukünftige 

Ultraschallstudien sollten klären, ob tatsächlich 

ein SSC auf Faszikel Ebene während des FEC 

Ruderns nachweisbar ist. 

9.2 Entwicklung der Kraft-Ausdauer 

Fähigkeiten im Rudern 

Ziel: Die aktuelle randomisiert kontrollierte 

Studie (RCT) (CHAPTER 5; Held, Behringer, et 

al., 2019) untersuchte die Effekte von practical 

blood flow restriction (pBFR) während des 

niedrig intensiven Ruderns auf die maximale 

Sauerstoffaufnahme (V̂O2max) und das Einer-

Wiederholungsmaximum (1RM). Anschließend 

untersuchte die RCT von CHAPTER 6 (Held, 

Hecksteden, et al., 2020) die Effekte von 

geschwindigkeitsbasiertem Krafttraining mit 

maximal 10% Geschwindigkeitsverlust (VL10) 

im Vergleich zu traditionellem 1RM-basiertem 

Krafttraining bis zum repetition failure (TRF) auf 

das 1RM und die V̂O2max in einem concurrent 

Training Setting. 

Methoden: Daher wurden in CHAPTER 5 (Held, 

Behringer, et al., 2019) 31 gut trainierte 

Ruderer unter Anwendung der minimization 

Methode (Strata: Geschlecht, Alter, 

Körperhöhe, V̂O2max) entweder der BFR oder 

der nicht BFR Gruppe (noBFR) zugeordnet. 

Während BFR (n=16; 4 weiblich, 12 männlich, 

22 ± 3 Jahre, 1,80 ± 0,09 m, 73,6 ± 10,9 kg, 

V̂O2max: 63,0 ± 7,9 ml·kg-1·min-1) pBFR beim 

Rudertraining (Boot und Ergometer) einsetzte, 

absolvierte noBFR (n=15, 4 weiblich, 11 

männlich, 22 ± 4 Jahre, 1. 80 ± 0,08 m, 72,5 ± 

12,1 kg, V̂O2max: 63,2 ± 8,5 ml·kg-1·min-1) das 

gleiche Training ohne pBFR. Die pBFR der Beine 

erfolgte mit individuell angepassten 

elastischen Bändern. Das pBFR Training wurde 

fünf Wochen lang dreimal pro Woche 

(akkumulierte Netto pBFR Zeit: 60 min pro 

Woche; jeweils zweimal 10 min pro Session) 

ausschließlich bei niedrigen Intensitäten 

absolviert. V̂O2max Rampentests auf dem 

Ruderergometer und ein 1RM Tests 

(Kniebeugen; SQ1RM) wurden genutzt, um 

Ausdauer- und Kraftfähigkeiten zu erfassen. 

Mit Hilfe der minimization Methode (Strata: 

Geschlecht, Alter, Körperhöhe, V̂O2max, 

Summe der 1RM) wurden in CHAPTER 6 (Held, 

Hecksteden, et al., 2020) 21 gut trainierte 

Ruderer (4 weiblich, 17 männlich, 19,6 ± 2,1 

Jahre, 1,83 ± 0,07 m, 74,6 ± 8,8 kg, V̂O2max: 

64,9 ± 8,5 ml·kg-1·min-1) der VL10 oder TRF 

Gruppe zugeordnet. Zusätzlich zum 

Ausdauertraining (ca. 75 min pro Tag) 

absolvierten beide Gruppen VL10 oder TRF 

basiertes Krafttraining (5 Übungen, 80% 1RM, 

4 Sätze, 2-3 min Satzpause, zwei 

Trainingseinheiten pro Woche) innerhalb der 

8-wöchigen Interventionsphase. Vor und nach 

der Intervention wurden jeweils squat 

(SQ1RM), deadlift (DL1RM), bench row 

(BR1RM) und bench press (BP1RM) 1RM Tests 
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und V̂O2max Rampentests auf dem 

Ruderergometer absolviert. Overall recovery 

(OR) und overall stress (OS) wurden täglich mit 

Hilfe der Short Recovery and Stress Scale (Nässi 

et al., 2017) erfasst. 

Ergebnisse: CHAPTER 5 (Held, Behringer, et al., 

2019) zeigte signifikante Gruppen × Zeit 

Interaktionen (p=0,004, ηp²=0,26) zu Gunsten 

von BFR für V̂O2max (+9,1 ± 6,2 %, standard 

mean differences [SMD]=1,3) im Vergleich zu 

noBFR (+2,5 ± 6,1 %, SMD=0,3). Im Gegensatz 

dazu wurde SQ1RM (p>0,05, ηp²=0,01) nicht 

durch die BFR Intervention beeinflusst. 

CHAPTER 6 (Held, Hecksteden, et al., 2020) 

zeigte signifikante Gruppen × Zeit 

Interaktionen (p<0,03, ηp²>0,23, SMD>0,65) zu 

Gunsten von VL10 (gemittelt +18,0 ± 11,3 %) 

für SQ1RM, BR1RM und BP1RM im Vergleich zu 

TRF (gemittelt +8,0 ± 2,9 %). Die V̂O2max zeigte 

keine signifikanten Interaktionseffekte 

(p=0,55, ηp²=0,01, SMD<0,23), aber große 

Zeiteffekte (p<0,05, ηp²>0,27). Zusätzlich 

wurden signifikante Gruppen × Zeit 

Interaktionen (p=0,001, ηp
2>0,54, 

SMD>|0,525|) zu Gunsten von VL10 für OR und 

OS 24 und 48 Stunden nach dem Krafttraining 

beobachtet. 

Fazit: CHAPTER 5 (Held, Behringer, et al., 2019) 

zeigte, dass 15 pBFR Trainingseinheiten mit 

einem kumulativen Gesamtstimulus von 5 

Stunden pBFR (während eines 5-wöchigen 

Makrozyklus) zu einem bemerkenswerten 

Anstieg der V̂O2max führt. Daher scheint pBFR 

eine vielversprechende Methode zur 

Verbesserung der aeroben Kapazität bei gut 

trainierten Athleten zu sein. Zudem zeigte 

CHAPTER 6 (Held, Hecksteden, et al., 2020), 

dass VL10 eine vielversprechende Methode zur 

Steigerung der Kraftfähigkeiten zu sein scheint, 

wodurch zusätzlich weniger 

trainingsinduzierter Stress resultiert.
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