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Sammendrag 

Hensikt: Studien undersøkte effektene av tung styrketrening vs power og plyometrisk trening 

på muskelstørrelse-, arkitektur og styrke hos kvinnelige sub-elite håndballspillere i sesong.  

 

Metode:Trettien deltakere fra to seniorlag ble randomisert til enten en tung styrketrening 

gruppe (TSG; n=16, 19,5±2,8 år, 169,9±6,2 cm, 70,2±13,9 kg) eller en power/plyometrisk 

gruppe (PPG; n=15, 20,4±2,8 år, 170,4±5,9 cm, 65,6±6,8 kg). Under 2 økter i uken 

gjennomførte TSG 2-6 sett med 80-85% av 1RM, mens PPG utførte 2-4 sett med power-

øvelser på ≤50% av 1RM og 75-90 plyometriske hopp. Før- og etter en 12 ukers intervensjon 

ble fettfri masse (FFM) og maksimal styrke estimert av Dual-X-Ray-Absorptiometry, 1RM, 

isometrisk styrke (MVC) og pneumatisk benpress (Fmax). Muskeltykkelse (MT) og 

tverrsnittsareal (CSA) ble målt ved ultrasonografi av rectus femoris (RF) og vastus lateralis 

(VL) på distale, midtre og proksimale områder av låret. Pennasjonsvinkel (PA) og 

fassikellengde (FL) ble vurdert i midtre del av VL. FFM økte likt i begge gruppene.  

 

Resultater: Forskjell mellom gruppene ble funnet i midtre RF-CSA og midtre VL-MT i favør 

TSG. PPG økte distal RF-CSA. TSG økte distal VL-MT og midtre VL-MT. Ingen signifikant 

endring ble funnet i pennasjonsvinkel eller fassikellengde. TSG økte mer i 1RM, men ingen 

forskjell mellom gruppene ble funnet i Fmax eller MVC. TSG økte i alle styrkemål, mens 

PPG økte 1RM knebøy og MVC. 

  

Konklusjon: Begge gruppene FFM, men muskelstørrelsen i VL og RF viste regionale og 

ikke-homogene endringer mellom gruppene med større effekt i TSG. TSG viste også større 

effekt på maksimal styrke. 

 

Nøkkelord: Styrketrening, håndball, muskelstørrelse, muskelarkitektur, muskelstyrke, 

kvinnelig, sesong 

 

 

 

 



 

Abstract 

Purpose:This study investigated the effects of in-season heavy-load resistance training vs 

power and plyometric training on muscle size-, architecture and strength, in female sub-elite 

handball players.  

 

Methods:Thirty-one participants from two senior teams were randomized into a heavy-load 

resistance group (HRG; n=16, 19.5±2.8yrs, 169.9±6,2cm, 70.2±13.9kg) or a 

power/plyometric group (PPG; n=15, 20.4±2.8yrs, 170.4±5.9cm, 65.6±6.8kg). In biweekly 

sessions HRG performed 2-6 sets at 80-85% 1RM, while PPG performed 2-4 sets of power-

exercises at ≤50% 1RM with 75-90 plyometric bodyweight jumps. Pre and post the 12-week 

intervention, fat-free mass (FFM) and maximal strength were assessed by Dual-X-Ray-

Absorptiometry, one repetition maximum (1RM), isometric strength (MVC) and Leg Press 

pneumatic resistance force (Fmax). Muscle thickness (MT) and cross-sectional area (CSA) 

were obtained by ultrasonography from rectus femoris (RF) and vastus lateralis (VL) at the 

distal, middle and proximal thigh region. Pennation angle (PA) and fascicle length (FL) were 

assessed at VL middle region.  

 

Results:FFM increased similarly in both groups. Between group %change was found in 

middle RF-CSA and middle VL-MT favouring HRG. PPG increased distal RF-CSA. HRG 

increased distal VL-MT and middle VL-MT. No change was found on pennation angle or 

fascicle length. HRG increased more in 1RM, but no between group difference was found in 

Fmax or MVC.  HRG increased all strength measures, while PPG increased 1RM squat and 

MVC.  

 

Conclusion:Both groups increased FFM, but muscle size of VL and RF showed non-

homogenous effects between groups with greater effect in HRG. HRG also showed greater 

effect on maximal strength. 

 

Keywords: Strength training, handball, muscle size, muscle architecture, muscle strength, 

female, in-season 
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Structure of thesis 

 

Part 1: Presents the theoretical background for the study, a methodological chapter of how the 

study was performed, and a chapter discussing the methodology. 

 

Part 2: Presents a research paper, written following the guidelines from the open access of the 

Scandinavian Journal of Medicine & Science in Sports. Part 2 consists of an AMA-style 

manuscript: Introduction, methods, results, discussion, strengths, and limitations of the study, 

and perspectives. 

 

Part 3: Consists of appendices such as approval, informed consent, and application of ethical 

approval. 
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1 Introduction 

An athlete’s ability to produce high amounts of force at different velocities is regarded as a 

decisive factor for performance in team-sport (Cormier et al., 2021; Suchomel et al., 2016). 

Depending on the individuals' sport-specific tasks, force has to be generated rapidly, 

maximally, or repeatedly (Suchomel et al., 2016). This holds especially true for handball, a 

rigorous contact sport that involves a multitude of fast, intense and dynamic actions, including 

jumping, sprinting, throwing, and engaging in duels. These activities in handball result in 

considerable requirements for force production (Chelly et al., 2010; Michalsik & Aagaard, 

2014).  

 

A limiting factor and prerequisite for generating force is an athlete’s muscular strength both 

maximal and explosive, which in turn is strongly determined by the neural system and muscle 

size (Blazevich et al., 2006; Suchomel et al., 2018). A larger muscle contains more contractile 

material, giving it more force producing potential, but the muscle fibre type, fascicle length 

and pennation angle of the contractile fibres will modulate the expression of this force 

(Blazevich et al., 2006). Muscle fibres attaching with a large pennation angle will have a 

relatively higher physiological cross-sectional area and shorter fascicle length, and therefore 

more relative maximal force-production potential at lower velocity, while longer fascicle 

lengths and smaller pennation angle increases the number of sarcomeres arranged in series 

being more effective at high velocities.  

 

To enhance force production, handball players have used various training methods in-season, 

but the effects on muscle architectural characteristics differs based on the training method 

used (Wagner et al., 2017). Traditionally heavy load low velocity resistance training has been 

seen as the most effective for increasing structural adaptions such as muscle size compared 

with lower load high velocity training, and since muscle size is a determining factor for force 

production, heavy resistance training has therefore been used extensively in team-sport 

athletes (Arntz et al., 2022; Cormie et al., 2011a; Grgic et al., 2021; Ramirez-Campillo et al., 

2022). Power and plyometric training has been seen as mainly a supplemental tool for 

improving neurological factors to increase force production at higher velocities but used in 



 

isolation considered as providing too small of a stimulus to maintain or increase muscle size 

and maximal strength (Cormie et al., 2011a; Slimani et al., 2016; Suchomel et al., 2018). 

 

A recent review from 2021 by Grgic et al, challenges this perception by looking at studies 

comparing heavy load resistance training vs. plyometric training in the same cohort, rather 

than assessing the effects from individual studies(Grgic et al., 2021). They found similar 

effects on whole muscle hypertrophy on the lower extremities, although in mostly untrained 

participants. The magnitude of each adaption can depend on the exercise modality and 

different regional adaptions in hypertrophy have also been reported (EARP et al., 2015; 

Franchi et al., 2018; Haun et al., 2019). In a study by Earp et al. (2015) heavy squat vs. low-

load squat jump resulted in similar increases of overall CSA of the quadricep femoris, but 

inhomogeneous adaptions at the proximal, middle and distal sites (EARP et al., 2015). This is 

thought to be a consequence of region specific muscular demands between higher load and 

low velocity vs. lower load and high velocity movements resulting in regional muscle size 

adaptions, as well as specific architectural adaptions of pennation angle, fascicle length and 

fibre type (Blazevich et al., 2003, 2006; EARP et al., 2015; Grgic et al., 2021).  

 

Overall, this raises the question of whether power and plyometric training have a greater 

muscle architectural effect than previously though stimulating both neural and structural 

adaptions more specific to high movement velocities. Power and plyometric training may 

therefore be considered an effective in-season training program in isolation for team-sport 

athletes needing to produce high force at high velocities (Chelly et al., 2010; Cormier et al., 

2021; Grgic et al., 2021; Sammoud et al., 2022; Sánchez et al., 2020; Slimani et al., 2016). 

However, many team-sports already involve a large number of explosive actions, and these 

athletes might not respond to any additional power/plyometric training (Cormier et al., 2021; 

Suchomel et al., 2018). It could also compromise their ability to produce force maximally 

which has shown benefits across the force-velocity spectrum (Cormie et al., 2011a; Suchomel 

et al., 2016, 2018; Taber et al., 2016). These athletes may need a high load stimulus to further 

develop their force production, but this type of training typically demands more recovery time 

and could challenge their capacity to perform optimally in handball related activities in-

season (Cormier et al., 2021).  

 

There is a lack of direct comparisons between these training modalities in isolation, especially 

in female team sport athletes, suggesting an area in need of further investigation. The purpose 



 

of this article will therefore be to investigate the effects of in-season heavy resistance training 

vs. power and plyometric training on muscle strength, -size and -architecture on female 

handball players.  

1.1 Outcomes and hypothesis 

Outcome variables will be bodyweight, fat-free mass, cross-sectional area, muscle thickness, 

pennation angle, fascicle length, 1RM bench, 1 RM squat, Keiser (absolute, relative) and 

MVC. The hypothesis is that heavy load resistance training and power/plyometric training 

will have similar effects on FFM, but different regional adaptions on cross-sectional area and 

muscle thickness of the m. vastus lateralis and m. rectus femoris, specifically a larger increase 

in distal regions from power/plyometric training compared to a larger increase in the middle 

and proximal regions from heavy load resistance training. Pennation angle is also 

hypothesized to increase in both groups, but to a larger degree in the heavy load resistance 

group. Fascicle length is hypothesized to increase in a larger degree in the power/plyometric 

group. Strength parameters is hypothesized to increase in the HRG and decrease in the PPG. 

 

2 Theoretical framework 

2.1 Physical demands and performance determining factors of handball 

performance 

Team sport performance is a complex and involves various physical, technical, and tactical 

abilities specific to each sport (Hermassi et al., 2015; Karcher & Buchheit, 2014; Michalsik & 

Aagaard, 2014; Stolen et al., 2005). In order to excel at the highest level, athletes must 

possess a certain level of physiological abilities to meet the demands encountered during 

training and match scenarios (Manchado et al., 2013; Stolen et al., 2005). Athletes need a 

minimum level of maximal oxygen consumption as well as the ability to perform repeated 

bouts of various high-intensity actions (Falch et al., 2021; García-Sánchez et al., 2023; 

Manchado et al., 2013). While both aerobic and anaerobic capacities contribute to overall 

performance, anaerobic abilities, such as sprinting and jumping, are often considered the most 

crucial factors often preceding match deciding events (Falch et al., 2021; Faude et al., 2012; 

Karcher & Buchheit, 2014; Slimani et al., 2016; Stolen et al., 2005).  

 



 

Handball is a rigorous contact sport involving a multitude of fast, intense and dynamic actions 

such as jumping, sprinting, throwing and duels (Chelly et al., 2010; Hermassi et al., 2015; 

Manchado et al., 2013; Michalsik & Aagaard, 2014; Póvoas et al., 2012). While activities 

such as walking and standing still makes up ~70 % of playing time, the repeated exposure to 

high intensity events, especially body contacts, requires high levels of force production at 

various velocities to withstand the neuromuscular load experienced during games and 

outperform your competitors (Karcher & Buchheit, 2014; Manchado et al., 2013). Given the 

physical demands of handball, athletes at the elite level demonstrate significantly higher 

levels of force producing ability compared to their amateur counterparts (Manchado et al., 

2013; Suchomel et al., 2016; Wagner et al., 2017).  

2.2 The importance of muscular strength in handball performance 

In handball force may have to be exerted against gravity, an opponent's body mass or a 

projectile. A limiting factor in these actions is the athlete’s maximal and explosive muscular 

strength (Blazevich et al., 2006; Suchomel et al., 2016). Maximal muscular strength refers to 

the capacity of generating high levels of force at low velocities and plays a vital role in 

actions that require generating high levels of force against heavy loads or resistance, such as 

overcoming opponents in duels and establishing advantageous positions (Karcher & Buchheit, 

2014; Póvoas et al., 2012; Suchomel et al., 2016). On the other hand, explosive muscular 

strength is defined as the ability to rapidly produce force or generate high levels of force in a 

short amount of time, often termed as rate of force development (RFD) and enables athletes to 

perform explosive jumps, sprints, and throws (Karcher & Buchheit, 2014; Póvoas et al., 2012; 

Suchomel et al., 2016). Consequently, explosive strength is viewed as a vital component of 

performance due to the fact of encountering limited time to produce force in many team-

sports.  

 

A force-velocity relationship exist, described as the inverse relationship between force 

production and movement velocity during muscular contractions (Cormie et al., 2011a). 

Higher loads can be moved by producing more force, but at a lower velocity, whereas lighter 

loads can be moved at higher velocities with a lower production of force. Force and velocity 

therefore exists on a spectrum with maximal force and maximum velocity at each end (Taber 

et al., 2016). Several studies have indicated a relationship between maximal strength and 

explosive strength, with some indications estimating maximal muscular strength may account 

for up to 80% of the variance in voluntary RFD (150–250 ms) (Andersen & Aagaard, 2006; 



 

Suchomel et al., 2016). Developing both forms of muscular strength is therefore crucial for 

handball players to excel in different aspects of the game.  

2.3 Factors determining muscular strength 

Muscular strength is determined by a complex interplay of neurological and morphological 

factors, which involve the intricate connection between the nervous system and the 

musculoskeletal system, with ability to express maximal- and explosive strength being 

influenced by specific morphological- and neural factors (Cormie et al., 2011a; Suchomel et 

al., 2018).  

2.3.1 Muscle morphological factors 

Muscle morphology refers to the structural characteristics and arrangement of muscle fibers, 

fascicles, and other components within a muscle (Blazevich et al., 2006; Cormie et al., 2011a; 

Lee et al., 2021; Methenitis et al., 2016). It includes various factors such as muscle size, fiber 

type distribution and muscle architecture.  

2.3.1.1 Muscle size 

Muscle size, specifically indicated by measures such as muscle thickness or cross-sectional 

area (CSA), has a significant impact on muscular strength, especially maximal strength 

(Blazevich et al., 2006; Cormie et al., 2011a; Lee et al., 2021). The maximal force generated 

by individual muscle fibers shows a direct proportional relationship with its CSA irrespective 

of fibre type (Cormie et al., 2011a). This increased cross-sectional area allows for a greater 

number of muscle fibers to be activated simultaneously during contraction, resulting in a 

higher force output (Blazevich et al., 2006). Therefore, handball players with larger muscle 

size have an advantage in generating force supported by studies comparing handball players 

at different levels of competition where elite handball players consistently exhibit greater 

muscle CSA and overall muscle size compared to non-athletes or amateur players (Manchado 

et al., 2013; Wagner et al., 2017).  

 

Increases in muscle fiber size, referred to a muscle hypertrophy, is an adaptive response to a 

combination of factors including induced muscle disruption, metabolic stress, and mechanical 

tension, with the latter being viewed as the primary driver (Travis et al., 2020). While 

hypertrophy can occur in response to a wide range of training methods, using different loads 

and velocity, methods that elicit sufficient mechanical tension and metabolic stress is viewed 



 

as the most effective (Arntz et al., 2022; Grgic et al., 2021; Schoenfeld, 2010; Schoenfeld et 

al., 2017; Suchomel et al., 2018). 

2.3.1.2 Regional distribution of muscle mass 

Increases in muscle size is not always uniform and muscle mass distribution, both between 

muscle groups and within individual muscles, show region specific differences among 

athletes from different sports and competition level (Handsfield et al., 2017; Haun et al., 

2019; Miller et al., 2021; Travis et al., 2020). While muscle size can be similar, when 

comparing strength between different athletes from different sports, their expression of force 

and velocity can differ (Travis et al., 2020). These variations in muscle mass distribution are 

believed to enable different regions of the muscle to fulfill distinct functional roles (EARP et 

al., 2015). It is hypothesized that certain regions of the muscle may be particularly well-suited 

for high-force production, while other regions may be more adept at facilitating high velocity 

movements. This can be seen when investigating muscle group specific distribution in 

sprinters which suggest that, particularly large hip and knee flexors and extensors, can be 

advantageous for fast sprinting (Handsfield et al., 2017; Miller et al., 2021).  Regional 

distribution along the length of a muscle can also impact performance, with muscle mass 

closer to the joint’s axis of rotation, reducing the moment of inertia, seen as beneficial for 

high velocity movements, but not that important during high load low velocity movements 

where forces can be developed over a longer period of time (Abe et al., 2000; EARP et al., 

2015; Myers & Steudel, 1985). This is supported by selective muscle recruitment during 

movements with varying levels of force and velocity, as well as non-uniform regional 

hypertrophy adaptions (EARP et al., 2015; Haun et al., 2019; Travis et al., 2020).  

2.3.1.3 Muscle fibre type 

Composition of muscle fibre type will also influence the expression of force at different 

velocities (Cormie et al., 2011a; Plotkin et al., 2021). Skeletal muscle consists of several 

muscle fiber types, which range along a spectrum from slow to fast (Plotkin et al., 2021). 

Type I fibers, also known as slow-twitch fibers, exhibit slower twitch speeds and demonstrate 

a greater resistance to fatigue. On the other hand, Type IIa fibers, referred to as fast oxidative 

glycolytic (FOG) fibers, display higher twitch speeds compared to Type I fibers but have a 

lower resistance to fatigue. Lastly, Type IIx fibers, known as fast glycolytic fibers, have the 

fastest twitch speeds but are highly susceptible to fatigue. In addition to the more pure fibre 

types described above , muscle fibers can also display hybrid characteristics with the 

existence of I/IIa fibers, IIa/IIx fibers, and I/IIa/IIx fibers (Medler, 2019). These unique 



 

characteristics differentiate the functional utility of each fiber type in various sport related 

activities. Athletes with a higher proportion of type I fibers have shown greater success in 

endurance-based events characterized by slower and longer distances while individuals with a 

higher proportion of type II fibers have been associated with better performance in high-

velocity, shorter-duration events (Cormie et al., 2011a; Plotkin et al., 2021). Muscle fiber type 

composition therefore  has significant role in predicting sports performance (Cormie et al., 

2011a; Lee et al., 2021; Plotkin et al., 2021).  

 

Since fast-twitch type II fibers have a higher force-generating capacity at high velocities 

compared to slow-twitch fibers, they are particularly important for explosive movements in 

handball such as jumping, sprinting, and throwing. The proportion of fast-twitch and slow-

twitch fibers in a muscle varies among individuals and it is estimated that approximately 45% 

of the variation in muscle fiber type is influenced by genetic factors while studies have also 

shown that fiber type transformations can occur as a result of intense training or detraining, 

leading to changes from type I to type II fibers and vice versa (Andersen et al., 2005; Cormie 

et al., 2011a; Larsson & Ansved, 1985; Simoneau & Bouchard, 1995). Resistance training has 

induced changes within type I and II fibres, and reductions in type IIx isoforms at the expense 

of type IIa isoforms have been observed (Cormie et al., 2011a). Under chronically high load 

environments, it is believed that a shift towards a predominantly IIa fiber type occurs, as it 

offers more economical characteristics. Additionally, periods of detraining have shown a 

conversion back to a type IIx fiber composition, with levels surpassing those observed prior to 

strength training (Cormie et al., 2011a). Both fast- and slow twitch muscle fibers is capable of 

hypertrophic changes, but fast twitch fibers may increase to a greater extent due to its 

physiological characteristics and the athletes and training stimuli associated with it (Cormie et 

al., 2011a; Travis et al., 2020). Resistance training performed at slower speeds and with 

relatively high loads (>70% of one-repetition maximum) leads to a transition from IIx and 

IIx/IIa hybrid fibers to a predominantly IIa fiber phenotype, with minimal changes observed 

in pure type I fibers, while training at higher speeds typically results in a smaller reduction in 

IIx and IIx/IIa fibers with combined with a  decrease or transition of type I fibers towards a 

faster phenotype (Plotkin et al., 2021).  

2.3.1.4 Muscle architecture 

Muscle architecture refers to the structural characteristics of muscles, including factors such 

as the pennation angle and fiber length, which significantly influence muscular strength and 



 

force production potential (Blazevich et al., 2006; Cormie et al., 2011a; Lee et al., 2021). 

Muscles with a large pennation angle, defined as the angle between the muscle’s fascicles and 

the line of action, have a relatively higher physiological cross-sectional area, leading to 

increased force-production potential (Blazevich et al., 2006; Cormie et al., 2011a; Kruse et 

al., 2021). The higher pennate angle allows for more muscle fibers to be arranged in parallel, 

contributing to greater force generation. However, due to their shorter length, muscles with a 

large pennation angle have fewer sarcomeres arranged in series. As a result, they exhibit high 

force production potential but at lower velocities (Blazevich et al., 2006; Cormie et al., 

2011a). Increases in pennation angle is often seen together with increases in muscle size, and 

is by some viewed as a by-product of hypertrophy functioning as an efficient muscle packing 

strategy whereby short fibers can be packed into a limited volume, as opposed to a specific 

architectural adaption to increase maximal force production at low velocities (Lieber, 2022).  

 

In contrast, longer muscle fibers are more effective at producing force at higher shortening 

velocities and length ranges due to an increased number of serially arranged sarcomeres 

(Blazevich et al., 2006). The maximum shortening velocity of a muscle fibre is proportional 

to its length when assuming a constant level of activation since  a greater number of 

sarcomeres in series  require less shortening at a given maximal contraction, resulting in 

reduced shortening duration (Blazevich et al., 2006; Cormie et al., 2011a). This characteristic 

allows for the generation of high force at high velocities and correlations have been found 

between the length of fascicles in the vastus lateralis and gastrocnemius lateralis muscles and 

performance in 100-meter sprints, both in men and women (Abe et al., 2001; Kumagai et al., 

2000). Sprinters also exhibit significantly longer fascicle lengths in the vastus lateralis, 

gastrocnemius medialis, and gastrocnemius lateralis muscles compared to long-distance 

runners and untrained individuals (Abe et al., 2000). The exact cause of these observations 

remains uncertain, as it is unclear whether the observed differences in fascicle length are a 

result of genetic predisposition or an adaptation to the specific training methods commonly 

used by sprinters, such as high-intensity sprint training and high-intensity strength/power 

training (Cormie et al., 2011a). Nevertheless, increases in fascicle length has been seen in 

response to eccentric training with possible additional effect of high velocity, as well as long 

ranges of motion (Timmins et al., 2016). As fascicle length is influenced by pennation angle, 

changes can also occur due to alterations in muscle size (Lieber, 2022; Travis et al., 2020).  



 

2.3.2 Neurological factors 

Neurological factors play a critical role in determining muscular strength through the precise 

and coordinated activation of muscles by the nervous system (Cormie et al., 2011a; Gabriel et 

al., 2006). This include mechanisms such as motor unit recruitment, firing frequency, 

synchronization, and inter-muscular coordination (Cormie et al., 2011a).  

2.3.2.1 Motor unit recruitment and synchronization 

Motor unit recruitment and synchronization are key neurological mechanisms that can 

influence muscular strength and force production (Cormie et al., 2011a; Folland & Williams, 

2007; Suchomel et al., 2016). The number and type of motor units recruited play a crucial role 

in determining the amount of force a muscle can generate, following Henneman's size 

principle (Cormie et al., 2011b; Henneman et al., 1965, 1974). During voluntary contractions 

with increasing force, smaller motor units that include slow-twitch type I fibers are recruited 

before larger that include fast-twitch type IIa/IIx fibers (Suchomel et al., 2018). Motor unit 

recruitment involves activating a greater number of motor units, particularly high-threshold 

motor units known for their higher force-generating capacity and is increased by performing 

movements that require high force output or RFD (Cormie et al., 2011a; Gabriel et al., 2006; 

Suchomel et al., 2018). Furthermore, the ability to activate and synchronize motor units more 

effectively can also lead to enhanced maximal force production and rate of force development 

and can be enhanced by training methods requiring high levels of force or velocity (Cormie et 

al., 2011a; Folland & Williams, 2007; Komi, 1986; Semmler & Enoka, 2000; Suchomel et al., 

2018).  

2.3.2.2 Firing frequency 

The firing frequency of motor units, defined as the rate of neural impulses transmitted from 

the a-motoneuron to the muscle fibers, plays a crucial role in muscle force generation (Cormie 

et al., 2011a; Suchomel et al., 2018). Increasing the firing frequency therefore increases the 

generation of force produced during muscle contractions. It can as well affect the rate of force 

development (RFD) of muscle contractions by initially firing at higher frequencies, followed 

by a rapid decline. This high initial firing frequency, associated with an increase in the 

number of doublet discharges, contributes to an elevated RFD, even if maintained for a short 

period of time (Van Cutsem et al., 1998). Firing frequency may be enhanced by performing 

movements requiring high RFD (Van Cutsem et al., 1998).  



 

2.3.2.3 Inter-muscular coordination 

Inter-muscular coordination refers to the precise activation, both in terms of magnitude and 

timing, of the agonist, synergist, and antagonist muscles during movement (Cormie et al., 

2011a). For optimal force generation in the intended direction of movement, it is essential to 

supplement agonist activation with increased synergist activity and reduced co-contraction of 

the antagonists (Cormie et al., 2011b; Gabriel et al., 2006). This coordinated activation of 

muscles is necessary to generate the maximum possible force during movements. The "triple 

extension" action, involving extension of the hips, knees, and plantarflexion of the ankles, 

commonly observed in jumping and sprinting, relies on the intricate interaction of uni- and 

multi-articulate musculo-tendinous units performing various actions (Cormie et al., 2011a).  

2.4 Strength training for muscular strength 

Strength training involves a wide range of exercises and methodologies designed to improve 

muscular strength, including heavy load resistance training, optimum power load training, 

weightlifting, plyometrics, eccentric training, and combinations of these methods (Cormie et 

al., 2011b; Cormier et al., 2021). These different types of strength training have been shown 

to elicit positive adaptations in various neural and morphological factors, such as muscle 

cross-sectional area, architecture, motor unit recruitment, firing frequency, and motor unit 

synchronization (Suchomel et al., 2018). To optimize athletic performance, it is crucial to 

implement strength training programs that promote favourable muscle morphological and 

neuromuscular adaptations specific to the demands of the sport (Cormier et al., 2021).  

2.4.1 Strength training in team sport and handball 

Team-sport athletes use various training programs that target specific force and velocity 

qualities of muscular strength (Cormier et al., 2021; Suchomel et al., 2016). Heavy load 

resistance training have traditionally been extensively used in team sport athletes due to its 

ability in improving force production, but several methods have become popular during the 

last decades (Arntz et al., 2022; Cormie et al., 2011a; Cormier et al., 2021; Grgic et al., 2021; 

Ramirez-Campillo et al., 2022). Methods such as weightlifting, ballistic training and 

plyometric training have increased in popularity due to the similarity in achieved force and 

velocity compared to many high intensity actions encountered in team sport (Cormier et al., 

2021). Combining heavy load resistance training with lighter load variations have been 

recently been hypothesized to maybe achieve greater improvements in muscle strength over 

heavy load resistance alone, by maximizing a range of force and velocity specific 



 

morphological and neural adaptions (Cormier et al., 2021). While many methods has shown 

benefits in improving force production, implementing them in a team sport setting is 

challenging and knowledge regarding implementation in-season is vital (Cormier et al., 2021) 

2.4.2 Heavy load resistance training  

Heavy load resistance training is a commonly used and extensively researched training 

method (Cormier et al., 2021). This method typically involves lifting weights or using 

resistance machines with a focus on challenging the muscles to overcome significant 

resistance. It focuses on high force output and consequently is performed at low velocity due 

to the force-velocity relationship (Cormie et al., 2011a; Suchomel et al., 2018). It has been 

shown effective at improving muscular strength, both maximal and explosive, and increased 

maximal dynamic strength has been associated with sprint performance and reductions in 

injury risk (Cormier et al., 2021; Taber et al., 2016; Wisløff et al., 2004). Increasing the 

ability to produce absolute maximal force can lay a foundation for generating force across a 

wide range of velocities (Taber et al., 2016). Muscular strength development from heavy load 

resistance training stems mainly from its significant effect on muscle CSA as well as factors 

such as muscle fibre type, pennation angle and neural adaptions (Cormie et al., 2011a, 2011b; 

Suchomel et al., 2018). Training status needs to be taken into account when implementing 

heavy load resistance training, and its effect on force production is generally bigger on 

weaker athletes while stronger athletes may respond better to more advanced (combined 

training) or velocity specific training methods (Cormier et al., 2021). While it is a proven 

method for improving muscular strength it may lead to excessive muscle damage 

compromising recovery during the competitive season (Cormier et al., 2021).  

2.4.3 Power training  

Power training involves training that emphasizes ability to overcome resistance in the shortest 

possible time (Taber et al., 2016). Power is a work rate term, represented by the equation 

Power = Force x Velocity, which highlights that power output can be enhanced by increasing 

either force or velocity, or both (Taber et al., 2016). This can be achieved through various 

training methods, including heavy resistance exercises to enhance force production, as well as 

explosive exercises to enhance velocity. While maximum force and maximum velocity is 

produced at polar ends of the force-velocity continuum, maximum power ouput being the 

result of both exist in the middle (Taber et al., 2016). Training at the load which elicits the 

greatest power output is referred to as “Optimal power load” training, and is often used in 

team sports settings due to its practicality and ability to enhance power across the force-



 

velocity continuum (Cormie et al., 2011b; Cormier et al., 2021; Freitas et al., 2018). It 

enhances power development in athletes via achieving high force and velocity, without using 

heavy loads that may reduce muscle damage and recovery demands during the season 

(Cormier et al., 2021). Nevertheless, it is seen as inducing to little mechanical tension to elicit 

a hypertrophic responses similar to heavy load resistance training, which may compromise 

optimal force development (Cormie et al., 2011a).  

2.4.4 Plyometric training 

Plyometric training involves explosive movements  utilizing the stretch-shortening cycle, 

which is characterized by combining an eccentric muscle action with a subsequent powerful 

concentric muscle action (Cormier et al., 2021). The stretch-shortening cycle during 

plyometric exercises allows for energy conservation and generates increased propulsive forces 

during the concentric phase of the movement (Turner & Jeffreys, 2010). It has shown to be 

effective for muscle strength, sprinting, jumping and change of direction (Arntz et al., 2022). 

This is attributed to enhanced neuromuscular adaptions such as increased motor unit 

recruitment, firing frequency, synchronization and better inter-muscular coordination as 

opposed to morphological factors (Arntz et al., 2022). Plyometric training has been seen as 

providing to little mechanical tension to elicit substantial increases in muscle size compared 

to heavy load resistance training, but a recent review conducted by Grgic et al. (2021), 

challenged this by comparing the effects of these training modalities on the same cohort 

(Grgic et al., 2021). The findings revealed similar effects on whole muscle hypertrophy in the 

lower extremities, albeit primarily in untrained participants. A following systematic review by 

Arntz et al (2022) revealed small to moderate effects across different ages, sexes, and training 

experiences, with a relatively bigger effect in non-athletes compared to athletes (Arntz et al., 

2022).  

2.5 Summary 

This theoretical framework shows the importance of physical abilities, such as sprinting, 

jumping, throwing and duelling handball performance (Falch et al., 2021; Faude et al., 2012; 

Karcher & Buchheit, 2014; Slimani et al., 2016; Stolen et al., 2005). The limiting factor for 

performing these actions is muscular strength laying the foundation for producing force across 

a wide range of velocities (Blazevich et al., 2006; Suchomel et al., 2016). Muscular strength is 

influenced by a complex interplay of neurological and morphological factors (Cormie et al., 

2011a; Suchomel et al., 2018). Morphological factors such as muscle size, fiber type, muscle 



 

mass regional distribution and muscle architecture, as well as neural factors such as motor 

unit recruitment and synchronization and firing frequency will determine the expression of 

force during various velocities (Cormie et al., 2011a; Cormier et al., 2021; EARP et al., 

2015). Especially muscle size is a major determining factor for force production and most 

team sport athletes utilizes training methods aiming for inducing hypertrophy (Cormie et al., 

2011a; Cormier et al., 2021). Traditionally heavy load resistance training has been extensively 

used due to its effect on force production via increased muscle size, but it can be challenging 

to implement during in-season due to recovery needs (Cormier et al., 2021).  High-force, 

high-velocity training methods have gained popularity, but their effectiveness in inducing 

hypertrophy requires further research.  

3 Method 

3.1 Study design 

The aim of this study is exploring the effects of in-season heavy load resistance training 

versus power and plyometric training on body composition, muscle strength, size, and -

architecture. A non-blinded randomized controlled trial (RCT) design was employed, in 

which female handball players from two teams were randomly assigned to either a heavy load 

resistance training group (HRG) or a power and plyometric training group (PPG). 

Randomization into two groups was done in both teams by pair matching based on playing 

position to reduce selection bias, ensure comparable baseline characteristics and exposure to 

similar physical demands during the season. Blinding was not possible due to the nature of the 

intervention. Prior to baseline testing, each group underwent a familiarization period for 

testing procedures to minimize task learning effects on changes between pre- and post-tests.  

The training intervention lasted for a period of 12 weeks, after which a post-test was 

conducted.  

3.2 Participants  

Female handball players were recruited from two local senior teams (n=34) during the spring 

of 2022. Subjects at sub-elite level from the age of 16-35 years with prior strength training 

experience were included. Players with current injuries that would limit their performance 

during the training intervention and testing, or those who were pregnant, were excluded from 

the study. One player dropped out pre-intervention after being randomized into PPG. Two 



 

players dropped out during the training intervention due to injury and motivation respectively, 

resulting in a total of 31 participants which completed the study. A total of 31 female sub-elite 

handball players (age 20±2.78 years, height 170±5.95 cm, weight 68±11.1 kg) were 

randomized into a heavy load resistance group (heavy-load; n=16) and power and plyometric 

group (power-plyo; n=15). Baseline characteristics are presented in the following table (Table 

1). 

Table 1: Baseline characteristics 

Group Heavy-load Power-Plyo 

Sample size (n) 16 15 

Age 19.5±2.8 20.4±2.8 

Weight 70.2±13.9 65.6±6.8 

Height 169.9±6.2 170.4±5.9 

Note: Values are presented as mean ± SD. Cm, centimeter; Kg, kilograms; SD, standard deviation. 

Subjects received information about the study both in written and oral form (appendix X). 

Participation was voluntary and subjects could withdraw at any point. Written consent was 

obtained prior to testing. The study was approved by the ethical board of the faculty of sports 

science and physical education at the University of Agder (appendix Y), and the Norwegian 

Centre for Research Data (appendix XY) and was conducted in agreement with the 

Declaration of Helsinki. 

3.3 Training intervention 

The 12-week training intervention consisted of two weekly sessions (A and B) for both 

groups. Sessions A (high volume) and B (low volume) differed in their total volume, with the 

goal of facilitating easier implementation and timing of the training sessions to align with 

match days during the season. One session per week, usually session A, was supervised by 

project members to ensure that proper form, technique and progression were maintained 

during the training. Lifting velocity was tracked using VmaxPro® (Blaumann & Meyer, 

Sports Technology UG, Magdeburg, Germany; VMP) sensors to measure and ensure correct 

load and effort. Since the players were not familiar with using RIR, we measured velocity loss 

during squats in the HRG during the initial weeks to ensure the players were close to failure 

(velocity of <0.4 m/s at ~1RIR.(Izquierdo et al., 2006) Participants in PPG were instructed to 

give maximal effort and minimize loss of velocity with visual and verbal feedback. For the 

push jerk exercise, the initial weeks were used to find a load that ensured a minimum of 1 



 

m/s, this load was then maintained throughout the intervention. The heavy load resistance 

program involved performing 2-6 sets of exercises at intensities of approximately 80-85% of 

1RM, while the power and plyometric groups performed 2-4 sets of power exercises at lower 

intensities of ≤50% 1RM, in combination with 75-90 plyometric bodyweight jumps. HRG and 

PPG training programs differ in total repetitions due to the different characteristics of each 

training modality. There is no consensus on how to match programs in terms of stimuli and 

overall workload so each program is based on current best knowledge on what has shown 

training adaptions in previous studies aiming for an optimal stimulus in both groups. XPS 

Network (Sideline Sports US LLC, Reykjavik, Iceland) was used for monitoring the 

participants during the intervention with players reporting sessions completed. Week 1 was 

performed as a familiarization period with reduced intensity (2-3RIR), effort (80-90% effort) 

and volume (2 sets), before performing the full training program from week 2. 

Table 3: Training group modality 

Heavy-load group Power-Plyo group 

Group training only with heavy loads at 

intensities of 80-85% of 1RM 

Group training only power at intensities of 

≤50% 1RM combined with bodyweight 

plyometric jumps 

Table 4: Heavy load training program 

Session A     

Exercises Sets Reps Rest RIR/intensity 

Parallel squat 3 5 3 min 1RIR 

Split squat 3 5 3 min 1 RIR 

Superset: hip thrust 3 5 3 min 1 RIR 

Superset: one leg calf rise 3 10 2 min High 

Romanian deadlift 2 5 3 min 1 RIR 

Superset: bench press 3 5 3 min 1 RIR 

Superset: pullups/pulldowns 3 5 2 min 1 RIR 

Shoulder press bar or dumbbells 2 5 2 min 1 RIR 

Weighted sit-ups 2 10 2 min High 

     

Session B     

Parallel squat 2 5 3 min 1 RIR 

Superset: nordic hamstring curl 2 5 3 min High 

Superset: superman/rollouts 2 10 2 min High 

Bulgarian lunges 2 5 3 min 1 RIR 

Bench press with dumbbells 2 5 3 min 1 RIR 

Superset: cable row or 1 – arm dumbbell rows 2 5 2 min 1 RIR 

Superset: Triceps dumbbell press 2 5 2 min 1 RIR 

 

 

    



 

Table 5: Power-plyo training program 

Session A     

Exercises Sets Reps Rest RIR/intensity 

Squat jump 4 5 3 min 50% 1RM 

Push jerk 3 5 2 min Velocity 

Superset: Explosive bench press with elastic bands 3 5 2 min 50% 1RM 

Superset: Single leg hip thrust jump 3 5 3 min BW/max 

Drop jump 3 10 2 min BW/max 

Superset: Kettlebell swing 3 8  12 kg + 

Superset: Medicine ball chest throw 3 5 2 min 2-4 kg 

Superset: Bulgarian jumps 3 5 3 min BW/max 

Superset: Box jumps 3 10 2 min BW/max 

Reverse rowing/med-ball slam 3 5 2 min BW/max 

 

 

 

    

Session B     

Squat jump 3 5 3 min 50% 1RM 

Superset: Single leg hip thrust jump 2 5 2 min BW/max 

Superset: Medicine ball chest throw 2 5 2 min 2-4 kg 

Hurdle jumps 2 10 2 min BW/max 

Split squat jumps 3 5 3 min BW/max 

Horizontal jumps 2 5 2 min BW/max 

Superset: Box jumps 2 10 2 min BW/max 

Superset: Reverse rowing 2 5 2 min BW/max 

Note: new exercises included in weeks 6-12 

3.4 Testing procedures 

Players performed several tests indoors in a lab setting at two occasions. First initial 

familiarization testing and second subsequent baseline testing. Test protocols were 

standardized regarding testing order, warm-up, rest and food and water intake. Measurements 

were obtained from ultrasonography (Telemed ArtUS EXT-1H, IT, 70 Hz, Vilnius, Lithuania: 

probe LV8-5N60-A2, 60mm), Dual-Energy X-ray absorptiometry (DXA) (GELunar Prodigy, 

General Electric Company, Madison, Wisconsin, USA), 1-repetition maximum Parallel Squat, 

1-repetition maximum Benchpress, Keiser Leg Press (A300, Keiser Corporation, Fresno CA, 

USA) and isometric maximum voluntary contraction (MVC) in 90 degrees knee extension.  

3.4.1 DXA 

Dual-Energy X-ray absorptiometry (DXA) (GELunar Prodigy, General Electric Company, 

Madison, Wisconsin, USA) was used to assess total body and leg fat-free mass. Testing was 

performed by trained members of the research project. Height and weight were measured 

before the DXA scan using a mobile floor weight (Seca 877) and an altimeter (Seca 216), 

respectively. Subjects were instructed to fast at least 2 hours prior to the scan. Calibration was 



 

performed ahead of each day of testing according to the manufacturer’s guidelines. Images 

were analysed using encore software (version 14.10.022; GE-Healthcare).  

3.4.2 Ultrasound 

Muscle thickness, pennation angle and fascicle length of m. vastus lateralis and muscle 

thickness and cross-sectional area of m. rectus femoris was assessed by ultrasonography 

(Telemed ArtUS EXT-1H, IT, 70 Hz, Vilnius, Lithuania: probe LV8-5N60-A2, 60mm). 

Subjects were instructed to lay relaxed on the massage table with their knee extended 180 

degrees. The muscle thickness and cross-sectional area (CSA) measurements were taken 

directly between the hip and knee joint at the 33%, 50% and 67% at the femur length between 

the greater trochanter and lateral epicondyle of the femur, similar to Earp et al, 2015.(EARP 

et al., 2015), while muscle architecture was assessed approximately at the 50% position. 

Measuring sites were located by palpating and measuring tape, and all measurements were 

performed on the preferred jump leg. To ensure consistent measurement location, probe 

measurement positions were marked with a waterproof pen during the familiarization session 

and subsequently transferred onto a transparent sheet using moles, birthmarks, and scars as 

reference points. Measurement positions were then located during the pre-and post-tests by 

referencing the markings on the thigh from the transparent sheet and comparing them with 

previous images taken at the same location. After covering the probe with water-soluble 

transmission gel (Aquasonic 100 ultrasound transmission gel; Parker laboratories inc., 

Fairfield, NJ, USA), it was gently placed against the skin to not cause errors in measurements 

by excessive pressure (Lixandrão et al., 2014; Sarto et al., 2021). Two trained test leaders 

performed the ultrasound measurements. The probe was held across the direction of the 

respective muscle fibers to capture images of muscle thickness and CSA, while it was held 

parallel with the fibers of m. vastus lateralis to assess muscle architecture. Images were saved 

and then later analysed manually using ImageJ (Wayne Rasband, National Institutes of 

Health, Bethesda/MD, USA). Muscle thickness was measured by drawing a vertical line 

between at the upper and deeper aponeurosis at positions determined by recognizable 

reference points (such as connective tissue and the femur bone) to ensure measurements were 

taken at the same place pre- and post-intervention. CSA was measured by using the freehand 

function to draw lines around the inside of the aponeurosis. Due to the size of the m. rectus 

femoris of a lot of the subjects, several pictures taken at the 50% and 67% sites could not fit 

entirely within the view of the probe. Therefore, reference points or a given distance from 

where the muscle thickness was measured were used to extrapolate or cut the images at the 



 

sides. To determine the pennation angle, a manual angle function was used to measure the 

angle of visible muscle fibers relative to the average direction of the deeper aponeurosis. 

Fascicle lengths were then estimated using average pennation angle (2-3) and average muscle 

thickness (measured at three points) put into the formula muscle thickness/(sinus(pennation 

angle* π)/180)) 

3.4.3 Squat 1RM 

An estimation of 1 repetition maximum parallel squat was used to assess lower body maximal 

strength. Subjects were instructed to achieve a squat depth where the upper thighs were 

parallel to the ground, visually monitored by the research team. During the familiarization 

phase, participants estimated their one-repetition maximum (1RM), which they subsequently 

attempted to surpass during baseline testing. The testing protocol started with five repetitions 

at 50% of the estimated 1RM, followed by 2-3 repetitions at 70% 1RM, and 1-2 repetitions at 

90% 1RM. Subsequently, participants performed 2-3 attempts at a designated 1RM load. If a 

1RM attempt was successful, the load was incrementally increased until the participant could 

no longer lift the weight, or the successful attempt was close to failure. Rest periods varied 

between 1-3 minutes, increasing in duration as the loads increased. 

3.4.4 Benchpress 1RM 

One-repetition maximum (1RM) estimation of the bench press was used to evaluate upper 

body maximal strength. Although the testing was part of a bench press power profile, only the 

estimated 1RM data were utilized in this study. Participants were instructed to adopt a 

conventional grip width, with their hands positioned slightly wider than shoulder-width apart. 

The barbell was required to make contact with the chest during each repetition. The warm-up 

started with 1-5 repetitions using only the barbell, gradually increasing in velocity. 

Participants incrementally increased the load towards 90% of their 1RM, with measurements 

recorded at a minimum of five distinct loads prior to 1RM testing. Rest periods, ranging from 

1-3 minutes, were incrementally increased with the increasing load. 

3.4.5 Keiser Leg press 

A Keiser A300 seated pneumatic leg press machine was used to assess maximal strength in 

the lower limbs as absolute force (newton), estimated from a 10-repetition FV test pre-

programmed in the Keiser software. The test starts at approximately 15% 1RM followed by 

incremental increase loads based on a 1 RM estimate obtained at familiarization. The seating 

position was set at ∼90˚ knee angle aiming for a vertical femur with adjusted seating settings 



 

noted and used at pre- and post-test. Subjects were instructed to push with maximal effort and 

intent during the initial concentric push while not resisting during the eccentric part of the 

movement. The test was performed until muscular failure and 1RM was obtained. Rest 

periods (10-60 seconds) increased as the loads increased. The FV test used measures several 

aspects of force and velocity, such as peak force, velocity and power, but this present study 

will only use the 1RM measure for further analysis (Redden et al., 2018).  

3.4.6 MVC 

An isometric maximum voluntary contraction of knee extensors was performed to assess 

maximal strength of the dominant jump leg. The test was performed at 90˚ knee angle sitting 

at bench platform with handles at each side with the back of the knee touching the edge of the 

bench. A force cell was attached to the ankle and attachments positions were noted for use at 

pre- and post-test. Warmup consisted of subjects pushing at 50-, 70- and 90% maximum force 

for 2-3 seconds with a 30 second rest period. Following a 1 min break, subjects were told to 

push as hard as they could for a period of 3-5 seconds. Each subject got 3 attempts with >30 

second rest period. If recording the best attempt at the last rep, one more attempt was given. 

MVC was measured using a force cell (1000hz) from Musclelab (version 10.5.69.4815, 

Ergotest Innovation, Stathelle, Norway).  

3.5 Statistical analysis  

To assess whether the data were normally distributed, a Shapiro-Wilk test was conducted as 

well as an examination of the mean, median, skewness, kurtosis, and Q-Q. All data, except for 

PPG changes in body weight, squat, and MVC, were determined to be normally distributed. 

An independent samples t-test was used to evaluate between-group differences in percentage 

change from baseline, in addition to a Mann-Whitney U test for non-normally distributed 

data. To assess within-group changes from pre- to post-test, a paired samples t-test and 

Wilcoxon signed-rank test were performed. A significance level was established at p < 0.05, 

and confidence limits were set at 95%. Statistical analyses were conducted using Jamovi 

(2022, Version 2.3, the Jamovi project, Sydney, Australia). Descriptive baseline 

characteristics are presented as mean values and standard deviations (SD). Muscle size and 

strength results are reported as mean, percentage change, effect sizes (ES), SDs, confidence 

intervals, coefficients of variation (CV), and p-values. The effect size (ES) was calculated 

using Cohen's d. 



 

4 Method discussion 

4.1 Study design 

The present study employed a randomized controlled trial (RCT) design, which is a common 

approach when assessing the efficacy of strength training interventions. RCTs have several 

benefits, including reducing the potential for bias and confounding factors and the ability to 

assess cause-effect relationships (Beato, 2022; Hariton & Locascio, 2018; Moher et al., 2001). 

This study design involved randomly assigning participants to different intervention groups, 

acting as active control groups, allowing for a comparison between the training interventions. 

A limitation in the present study is the lack of an additional non-strength training control 

group which would have allowed for the assessment of what adaptions were caused by the 

interventions per se. This usually requires a larger sample size to ensure sufficient statistical 

power while also potentially being unethical on the basis of one group negating the benefits of 

in season strength- and power-training commonly used in team sports (Beato, 2022). 

Randomization helps to establish an even distribution of potential bias and confounding 

factors, such as age, training load and baseline fitness levels, which can affect the outcomes of 

the intervention (Beato, 2022; Hariton & Locascio, 2018; Moher et al., 2001). Random 

assignment into either a PPG or HRG was performed in both teams, minimizing the potential 

influence of varying training loads between the teams, as opposed to dividing the entire teams 

into either a PPG or HRG. Pair matching based on playing position was used for the same 

purpose, while also potentially achieving a balanced distribution of baseline characteristics as 

seen in both groups having a 1.2 ±0.2 kg/bw squat pre intervention as well as baseline 

descriptive statistics showing no significant differences (p=>0.005). Even though randomized 

controlled trials (RCTs) are considered the gold standard for evaluating the effectiveness of 

interventions, it is important to note that the results may not be generalizable to populations 

other than those studied (Hariton & Locascio, 2018). RCTs are typically designed to be 

conducted under highly controlled conditions, which can limit the external validity of the 

findings.  

Subjects aware they’re being studied are also prone to change behaviour confounding the real 

effect of the intervention, a phenomenon named the Hawthorne effect (McCambridge et al., 

2014). Blinding was not possible in this study due to the nature of the interventions. Both the 

heavy load resistance training group and the power and plyometric training group required 

distinct exercises and training modalities that could not be concealed from the participants or 



 

trainers. As such, participants and trainers were aware of the training intervention they were 

receiving, which could potentially influence their expectations and motivation.  

4.2 Participants  

The inclusion of sub-elite female handball players in the study provided a relatively 

homogeneous sample with a certain level of physical fitness and athletic ability, which is 

important in reducing potential confounding factors in the intervention outcomes. However, 

caution must be taken when generalizing the results to other populations, particularly to elite 

female handball players, as their baseline characteristics, training status, and performance 

levels may differ significantly from those of the sub-elite players in the study. It is worth 

noting that both groups comprised relatively young individuals, with an average age of 19.5 

years (HRG) and 20.4 years (PPG), respectively. This may limit the strength training status of 

several participants, possibly resulting in greater adaptions than those with a more extensive 

training background (This pronouncement was written for the American College of Sports 

Medicine by: William J. Kraemer et al., 2002).  

4.3 Training intervention  

Previous studies have shown significant adaptions from strength, power and plyometric 

training in interventions with durations of 8-12 weeks and 2-3 weekly sessions in female 

athletes (Falch et al., 2022; Pardos-Mainer et al., 2021). As such the present study’s duration 

of 12 weeks with biweekly sessions is considered sufficient. There is a considerable challenge 

in matching the total volume of work to provide a similar stimulus when implementing heavy 

load resistance training vs power/plyometric in a training intervention. A 1:1 ratio of sets x 

repetitions cannot be assumed to achieve the same stimuli and the use of a higher total 

number of repetitions in the PPG group can help elicit a sufficient and comparable stimulus 

for both interventions (Grgic et al., 2021; Mohamad et al., 2012). The present study designed 

both training programs based on current best knowledge on what has shown training 

adaptions in previous studies. The use of similar movements with different loads, such as 

squat vs. squat jump, in the exercise selection also ensures adaptions are mainly influenced by 

the training modality (load and velocity) as opposed to the specific movement itself (This 

pronouncement was written for the American College of Sports Medicine by: William J. 

Kraemer et al., 2002). To ensure optimal stimuli and adaption to training interventions 

participants should be under the supervision of competent practitioners to ensure proper 

execution and progression. During the intervention one session a week was supervised by 



 

project members monitoring form, progression and intensity. Even though both sessions were 

not monitored, weekly supervising should be sufficient to ensure that the participants carried 

out the training program as required to get the intended adaptions. Subjects were also 

instructed to log every session via XPS Network. Progress and intensity were monitored using 

velocity feedback and RIR. Tracking velocity can be beneficial for ensuring maximal effort as 

well as estimating progress and load and is also shown to possibly increase adaptions during 

training interventions (Suchomel et al., 2021; Weakley et al., 2021). RIR can be effective in 

estimating intensity during high loads, especially with the addition of qualified supervision 

and velocity tracking (Helms et al., 2016). Power exercises were determined by percentage of 

1RM, and velocity was tracked to ensure maximal effort. A limitation of the study is the 

difficulty of tracking velocity and/or RIR during certain exercises, both using sensor and 

observation, which possibly hinders proper intensity and effort during every exercise.  

4.4 Measurements and test procedures 

When investigating muscular adaptions to training stimuli, valid and reliable assessment 

methods as well as standardized testing procedures are vital to obtain quality data (Haun et 

al., 2019). Reliability refers to the consistency and repeatability of a test, while validity 

defines how well a test measures the specific aspect it is intended to investigate (Hopkins, 

2000). Ensuring consistent testing conditions, such as using the same testing person, 

equipment and protocols, is important to maintain the reliability of the measures and were 

taken into account when establishing testing procedures. Both DXA, ultrasound and strength 

tests were performed by trained test members and done using the same equipment and 

protocol. Test-retest variability is also considered vital to ensure true observed changes in 

response to the intervention and was calculated as a coefficient of variation (CV%) for 

ultrasound and DXA. By assessing the test-retest variability the level of variability attributed 

to random error could be determined, as opposed to true differences in intervention effects.  

4.4.1 Muscle morphology 

Assessment of muscle tissue adaptions can, according to Haun et al, be divided into 

macroscopic and microscopic methods (Haun et al., 2019).  Most exercise science studies use 

the macroscopic methods of muscle thickness and cross-sectional estimations from B-mode 

ultrasonography, computed tomography or magnetic resonance imaging or lean mass 

assessments from dual-energy X-ray absorbiometry, but microscopic methods such as muscle 

biopsies can be used as well (Grgic et al., 2021). While microscopic methods can give 



 

specific insights into muscular adaptions at the muscle fibre level, macroscopic methods are a 

practical and reliable method when you want to gain insight into adaptions on a total body or 

segmented muscle scale (Grgic et al., 2021). Skeletal muscle adaptions are not uniform and 

can occur at the distal, middle, or proximal area of different muscles, depending on the stimuli 

(EARP et al., 2015; Sarto et al., 2021). To capture the magnitude of adaptions it can be 

important to combine different measurement methods to assess specific muscles in different 

areas as well as total or segmented body parts (Haun et al., 2019). This present study therefore 

used the macroscopic methods of B-mode ultrasonography to assess muscle size and 

architecture as well as fat-free mass estimations from DXA. This should give sufficient data 

to assess macroscopic effects on muscle morphology.  

4.4.1.1 DXA 

Dual-energy x-ray absorptiometry is a widely used method to assess changes in skeletal 

muscle mass, and is generally considered a precise and reliable method for estimating body 

composition (Ackland et al., 2012; Haun et al., 2019; Kasper et al., 2021; Nana et al., 2015).  

The method produces images in 2D estimating bone mineral density (BMD), lean or fat-free 

mass (LBM/FFM) and fat mass. While DXA can provide estimates of total and segmented 

values of tissue, it is unable to distinguish between individual muscles or differentiate 

between muscle contractile tissue, fluid or intramuscular fat. It is therefore important to note 

that an increase in fat-free mass does not necessarily indicate an increase in skeletal muscle 

tissue. Measurements can be influenced by technical factors such as scan model, reference 

database, as well as biological factors such as subject preparation, age, sex and body size 

(Hind et al., 2018; Nana et al., 2015). The need for standardization and best practise protocol 

is therefore vital to obtain valid and reliable data (Nana et al., 2015). Nana et al 2015 

discusses different measures in their paper regarding what is the best practise protocol to 

obtain quality data from DXA scans. While DXA as a whole is seen as a practical and non-

invasive method that is easy to standardize, some measures for increased reliability can be 

difficult to accomplish due to the logistics and resources required. While the present study 

carried out the recommended measures of minimal clothing, trained test leaders, consistent 

positioning and voided bladder, morning testing in a fasted state was not possible due to 

logistics required and participants regular commitments (Nana et al., 2015). Participants were 

instructed to not eat a minimum of 2 hours pre-testing, which is not in accordance with best 

practice, as it could significantly impact the measurements. A test of reliability with the same 

protocol was performed at the same lab and machine and found good reliability with CV 



 

measures of 1% for FFM, 3.4 % for fat mass and 1.5 % for legs FFM. Furthermore, the 

testing was not conducted at a consistent time of day and early morning testing is 

recommended as daytime activities and nutrition intake can have a bigger impact on tests. 

Subjects were told not to exercise on testing days as it can impact test scores.  While the 

method offers practical advantages and provides estimations of total and segmented lean 

mass, limitations regarding best practise procedure needs to be taken into account while 

interpreting the data.  

4.4.1.2 Ultrasound 

Ultrasound imaging was for assessing muscle thickness, cross-sectional area and pennation 

angle and is seen as a practical, affordable and non-invasive method for examining muscle 

morphology in athletes (Franchi et al., 2018; Sarto et al., 2021). B-mode ultrasonography, as 

used in this study, is the most commonly used ultrasound method for assessing muscle size 

and architecture. It allows differentiation between skeletal muscle, connective tissue and 

intra- and extramuscular fat, as well as estimation of fascicle length and pennation angle 

(Sarto et al., 2021). It has been proven valid and reliable in estimating muscle thickness, 

cross-sectional area and pennation angle of the muscles assessed (m. rectus femoris and m. 

vastus lateralis) (Kwah et al., 2013; Lixandrão et al., 2014; Sarto et al., 2021). The method 

still has its limitations being especially influenced by the skill of the investigator, and is 

therefore regarded as an operator depended procedure (Haun et al., 2019; Sarto et al., 2021). 

The majority of testing was performed by a novice test operator which could impact the 

reliability of the data. Sarto et al in their review from 2021, therefore recommends CV% to 

estimated and reported in the results (Sarto et al., 2021). Measures of CV ≤ 10% can be 

regarded as acceptable while CV ≤ 5% is regarded as good reliability (Lindberg et al., 2021). 

In the present study CV% was assessed from the familiarization session to baseline and while 

CSA and MT showed good of reliability (CV = 4-9%), measures of PA and FL was estimated 

at 20.3% and 21.6% respectively over the recommended limit of 10%. Even though using 

ultrasound for assessing muscle architecture has generally shown acceptable reliability (CV= 

<10%) in the literature, obtaining good images of muscle architecture was challenging due to 

the importance of getting the right angle for capturing visible individual fibres resulting in a 

smaller margin of error (Kwah et al., 2013). Pennation angel and fascicle length is known for 

often getting a higher CV estimate compared to MT and CSA and large variability up to CV 

13.5%, as seen in the present study,  has been reported in some studies (Kwah et al., 2013). 

This questions whether the presents study results from the muscle architecture can be used 



 

when assessing effects on PA and FL. Members were also not instructed to lay still for 20 

minutes before taking images to account for shift in fluids, as done in Earp et al 2015 (EARP 

et al., 2015). In addition, the size of the probe was too small to fit the entire m. rectus femoris 

CSA in many of the images at the middle and proximal site. Therefore, a lot of images had to 

be analysed in a cut-off state or be extrapolated, impacting the precision and reliability of the 

analyses. The use of transparent sheets to locate measurements position is also prone to 

inaccuracy due to the curve of the muscle and lack of reference points (birthmarks, scars, 

moles) in some participants. Analysing of images can also be prone to bias when done 

manually, especially in novice test operators (Sarto et al., 2021). The use of automatic 

analysis in imageJ have been shown to reduce this bias, but we were not able to make it work 

for our images (Seynnes & Cronin, 2020). The images were therefore analysed manually in 

imageJ by a novice test operator increasing the risk for bias and error. To reduce bias images 

were blinded with regards to testing time (pre- vs post) and training group (HRG vs PPG). 

While ultrasound is a practical, valid and reliable measure method, limitations regarding 

testing operators' skill and experience as well as issues regarding testing procedures and data 

analyses must be taken into account when interpreting the data. It is as well only able to 

assess different muscles at specific sites possibly not detecting adaptions occurring elsewhere. 

This challenge is to a certain degree reduced by taking pictures at the proximal, middle and 

distal area of the muscles, as well as additional data from DXA. Overall measures of CSA and 

MT can be seen as reliable and should give a good assessment of muscle size adaptions.  

4.4.2 Strength parameters 

Monitoring of an individual’s strength characteristics is often done to establish an athlete’s 

baseline strengths and weaknesses or to evaluate acute and chronic training adaptions 

(Lindberg et al., 2022; McMaster et al., 2014). Maximal strength is an integral part of most 

sports and can be measured as maximal amount of force an athlete can produce against an 

external load in a specific movement (McMaster et al., 2014; Suchomel et al., 2016). It is 

therefore a useful quality to assess when profiling athletes physical qualities (McMaster et al., 

2014). Assessing maximal strength can be done using dynamic tests such as 1-RM barbell 

testing (squat, benchpress) or isometric tests using force plates, dynamometers or strain 

gauges, in both single and multijoint movements (McMaster et al., 2014; Suchomel et al., 

2016). Dynamic movements can potentially be seen as more relevant to a lot of athletes given 

that most sports express force dynamically. Measures of strength can be expressed in both 

absolute or relative terms (Suchomel et al., 2016). While measures from dynamic and 



 

isometric strength tests can be used to effectively assess strength development, they do not 

necessarily mirror sport specific strength requirements. In addition to choosing relevant tests 

for assessing maximal strength, any test needs to me considered valid and reliable to provide 

meaningful information regarding an athletes strength level and development (Redden et al., 

2018). This present study use of a combination of dynamic and isometric strength testing, 

assessing 1-RM in squat and benchpress, Keiser leg press and an isometric MVC of knee 

extension should give a good assessment of athletes upper and lower body maximal strength.  

4.4.2.1 1RM 

One-repetition maximum(1RM) testing is one of the most commonly used methods for 

assessing dynamic maximal strength, and is considered the gold standard for use in non-

laboratory settings (Grgic et al., 2020; McMaster et al., 2014; Seo et al., 2012; Suchomel et 

al., 2016). It is defined as the maximal weight that can be lifted in a specific movement with 

correct technique and has been shown to be reliable in assessing maximal strength when 

allowing proper warmup and familiarization regardless of muscle group and gender (Grgic et 

al., 2020; Seo et al., 2012; Suchomel et al., 2016). The present study's protocol included 

standardized warm-ups, lifting techniques (squat depth, grip width), rest periods, and 1RM 

attempts. Although standardization ensures that participants are tested using consistent criteria 

and facilitates comparisons between individuals, the expression of strength is highly specific 

to the characteristics of a given movement (depth, grip, range of motion). Participants who are 

familiar with the movements are more likely to demonstrate an accurate representation of 

their true maximal strength, owing to neural adaptations specific to the movement, as opposed 

to those with limited experience. (Grgic et al., 2020). This impacts their rate of development 

during initial stages and can lead to large variance in performance improvement. This study 

therefore employed a recommended familiarization  period to reduce the effects of task 

learning and stabilize performance at baseline testing (Calder & Gabriel, 2007; Dias et al., 

2005; Green et al., 2014; Seo et al., 2012). Squat depth was visually assessed which could 

influence whether every recorded lift was at required depth. Some subjects also found it 

difficult to squat at parallel due to lack of prior experience as well as mobility, which can lead 

to a reduced performance at baseline and subsequent large improvement in performance not 

related to the variables studied.  Subjects were also not always assessed by the same test 

leader at pre- and post-testing which could lead to differences in evaluation of required depth. 

Overall, while the method has its limitations, the 1RM testing protocol of benchpress and 

squat employed should ensure valid and reliable measures when assessing maximal strength.  



 

4.4.2.2 Keiser Leg press 

Keiser Leg Press is a practical way of assessing strength and power characteristics of the 

lower limbs, including maximal strength, and has been demonstrated to be a reliable and valid 

method (Redden et al., 2018). The test is not technically demanding and is easy to standardize 

(Lindberg et al., 2022). The seated position with feet elevated, allows offloaded estimation of 

maximal concentric strength (Redden et al., 2018). While the seated position combined with 

low technical demands allows great expression of force, the relatability of the movement to 

sport specific movements can be questioned (Redden et al., 2018). Another possible limitation 

of the method, regarding maximal strength, is the pre-determined increments based on 

estimated maximum resistance, which may be unable to detect subtle changes in performance 

if the increment is too large. However, given the practicality of the method, combined with 

high measures of reliability, it is a valid and precise method to assess maximal strength.  

 

4.4.2.3 MVC 

Single-joint isometric testing of maximal strength is frequently used in sports science, owing 

to its versatility as well as its correlation with dynamic strength performance (Šarabon et al., 

2021; Suchomel et al., 2016). Most research on single-joint strength assessment has been 

done on the knee joint, likely due to the high reliability of the strength measures and 

relevance of  muscle groups for athletic performance. The majority of research on single-joint 

strength assessment has focused on the knee joint, which can be attributed to the high 

reliability of strength measurements and the relevance of the associated muscle groups for 

athletic performance (Šarabon et al., 2021). Isometric strength testing is easy to standardize 

and can also be conducted on large groups. The present study employed a standardized 

protocol, which incorporated consistent seating positions, dynamometer attachments, and 

knee angles which improves reliability. The bench platform featured handles on each side, 

designed to provide sufficient stability and facilitate optimal force output. Furthermore, the 

use of a dynamometer may obtain a more accurate expression of maximal strength compared 

to estimating maximal strength against an external load. (Suchomel et al., 2016). While the 

method has obvious strengths regarding practicality and reliability, one must keep in mind the 

sport specific demands when choosing joint angle (Suchomel et al., 2016). Knee extension at 

a 90° angle is considered relevant, given the significance of knee extensors in various sport-

specific movements.  
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Abstract 

 

Purpose:This study investigated the effects of in-season heavy-load resistance training vs 

power and plyometric training on muscle size-, architecture and strength, in female sub-elite 

handball players.  

Methods:Thirty-one participants from two senior teams were randomized into a heavy-load 

resistance group (HRG; n=16, 19.5±2.8yrs, 169.9±6,2cm, 70.2±13.9kg) or a 

power/plyometric group (PPG; n=15, 20.4±2.8yrs, 170.4±5.9cm, 65.6±6.8kg). In biweekly 

sessions HRG performed 2-6 sets at 80-85% 1RM, while PPG performed 2-4 sets of power-

exercises at ≤50% 1RM with 75-90 plyometric bodyweight jumps. Pre and post the 12-week 

intervention, fat-free mass (FFM) and maximal strength were assessed by Dual-X-Ray-

Absorptiometry, one repetition maximum (1RM), isometric strength (MVC) and Leg Press 

pneumatic resistance force (Fmax). Muscle thickness (MT) and cross-sectional area (CSA) 

were obtained by ultrasonography from rectus femoris (RF) and vastus lateralis (VL) at the 

distal, middle and proximal thigh region. Pennation angle (PA) and fascicle length (FL) were 

assessed at VL middle region.  

Results:FFM increased similarly in both groups. Between group %change was found in 

middle RF-CSA and middle VL-MT favouring HRG. PPG increased distal RF-CSA. HRG 

increased distal VL-MT and middle VL-MT. No change was found on pennation angle or 

fascicle length. HRG increased more in 1RM, but no between group difference was found in 

Fmax or MVC.  HRG increased all strength measures, while PPG increased 1RM squat and 

MVC.  

Conclusion:Both groups increased FFM, but muscle size of VL and RF showed non-

homogenous effects between groups with greater effect in HRG. HRG also showed greater 

effect on maximal strength. 

Keywords: Strength training, handball, muscle size, muscle architecture, muscle strength, 

female, in-season 

 

 

 



 

Introduction 

An athlete’s ability to produce high amounts of force at different velocities is regarded as a 

decisive factor for performance in team-sport.1,2 Depending on the individuals' sport-specific 

tasks, force has to be generated rapidly, maximally, or repeatedly.2 This holds especially true 

for handball, a rigorous contact sport that involves a multitude of fast, intense  and dynamic 

actions, including jumping, sprinting, throwing, and engaging in duels. These activities in 

handball result in considerable requirements for force production. 3,4 A limiting factor and 

prerequisite for generating force is an athlete’s muscular strength both maximal and 

explosive, which in turn is strongly determined by the neural system and muscle size .5,6 A 

larger muscle contains more contractile material, giving it more force producing potential, but 

the muscle fibre type, fascicle length and pennation angle of the contractile fibres will 

modulate the expression of this force.5  

 

To enhance force production, handball players have used various training methods in-season, 

but the effects on muscle architectural characteristics differs based on the training method 

used. 7 Traditionally heavy load low velocity resistance training has been seen as the most 

effective for increasing structural adaptions such as muscle size compared with lower load 

high velocity training, and since muscle size is a determining factor for force production, 

heavy resistance training has therefore been used extensively in team-sport athletes. 8–11  

Power and plyometric training has been seen as mainly a supplemental tool for improving 

neurological factors to increase force production at higher velocities but used in isolation 

considered as providing too small of a stimulus to maintain or increase muscle size and 

maximal strength.6,11,12  

 

A recent review from 2021 by Grgic et al, challenges this perception by looking at studies 

comparing heavy load resistance training vs. plyometric training in the same cohort, rather 

than assessing the effects from individual studies.10 They found similar effects on whole 

muscle hypertrophy on the lower extremities, although in mostly untrained participants. The 

magnitude of each adaption can depend on the exercise modality and different regional 

adaptions in hypertrophy have also been reported.13–15 In a study by Earp et al. (2015) heavy 

squat vs. low-load squat jump resulted in similar increases of overall CSA of the quadricep 

femoris, but inhomogeneous adaptions at the proximal, middle and distal sites. 13 This is 

thought to be a consequence of region specific muscular demands between higher load and 

low velocity vs. lower load and high velocity movements resulting in regional muscle size 



 

adaptions, as well as specific architectural adaptions of pennation angle, fascicle length and 

fibre type. 5,10,13,16 Muscle fibres attaching with a large pennation angle will have a relatively 

higher physiological cross-sectional area and shorter fascicle length, and therefore more 

relative maximal force-production potential at lower velocity, while longer fascicle lengths 

and smaller pennation angle increases the number of sarcomeres arranged in series being 

more effective at high velocities.  

 

Overall, this raises the question of whether power and plyometric training have a greater 

muscle architectural effect than previously though stimulating both neural and structural 

adaptions more specific to high movement velocities. Power and plyometric training may 

therefore be considered an effective in-season training program in isolation for team-sport 

athletes needing to produce high force at high velocities. 1,4,10,12,17,18 However, many team-

sports already involve a large number of explosive actions, and these athletes might not 

respond to any additional power/plyometric training.1,2 It could also compromise their ability 

to produce force maximally which is considered vital for their sport. These athletes may need 

a high load stimulus to further develop their force production, but this type of training 

typically demands more recovery time and could hinder their capacity to perform optimally in 

handball related activities. 1  

 

There is a lack of direct comparisons between these training modalities in isolation, especially 

in female team sport athletes, suggesting an area in need of further investigation. The purpose 

of this article will therefore be to investigate the effects of in-season heavy resistance training 

vs. power and plyometric training on muscle strength, -size and -architecture on female 

handball players.  

 

Material and methods 

Participants 

Female handball players were recruited from two local senior teams (n=34) during the spring 

of 2022. Subjects at sub-elite level from the age of 16-35 years with prior strength training 

experience were included. Players with current injuries that would limit their performance 

during the training intervention and testing, or those who were pregnant, were excluded from 

the study. One player dropped out pre-intervention after being randomized into PPG. Two 

players dropped out during the training intervention due to injury and motivation respectively, 



 

resulting in a total of 31 participants which completed the study. A total of 31 female sub-elite 

handball players (age 20±2.78 years, height 170±5.95 cm, weight 68±11.1 kg) were 

randomized into a heavy load resistance group (heavy-load; n=16) and power and plyometric 

group (power-plyo; n=15). Baseline characteristics are presented in the following table (Table 

1). 

Table 1: Baseline characteristics 

Note: Values are presented as mean ± SD. Cm, centimeter; Kg, kilograms; SD, standard deviation. 

 

Subjects received information about the study both in written and oral form (appendix X). 

Participation was voluntary and subjects could withdraw at any point. Written consent was 

obtained prior to testing. The study was approved by the ethical board of the faculty of sports 

science and physical education at the University of Agder (appendix Y), and the Norwegian 

Centre for Research Data (appendix XY) and was conducted in agreement with the 

Declaration of Helsinki. 

 

Study design 

This study was performed as a non-blinded randomized controlled trial (RCT) in which 

female handball players from two teams were assigned to either a heavy load resistance 

training group (HRG) or a power and plyometric training group (PPG) after baseline testing. 

Randomization into two groups was performed in both teams by pair matching based on 

playing position to reduce selection bias, ensure comparable baseline characteristics and 

exposure to similar physical demands during the season. Blinding was not possible due to the 

nature of the intervention. Prior to baseline testing, each group underwent a familiarization 

period for testing procedures to minimize task learning effects and improve the reliability of 

the assessments.  

At baseline body composition and muscle architecture were assessed using dual-energy X-ray 

absorptiometry (DXA) scans and ultrasonography. DXA scans were used to measure fat-free 

Group Heavy load Power-Plyo 

Sample size (n) 16 15 

Age 19.5±2.8 20.4±2.8 

Weight 70.2±13.9 65.6±6.8 

Height 169.9±6.2 170.4±5.9 



 

mass and Ultrasonography was used to assess muscle architecture, including muscle 

thickness, cross-sectional area, fascicle length, and pennation angle. Muscle strength was 

assessed by testing 1RM parallel squat, 1RM benchpress, Keiser leg press (absolute and 

relative) and isometric maximum voluntary contraction (MVC) in knee extension.  

 

Testing procedures 

DXA 

Dual-Energy X-ray absorptiometry (DXA) (GELunar Prodigy, General Electric Company, 

Madison, Wisconsin, USA) was used to assess total body and leg fat-free mass. Testing was 

performed by trained members of the research project. Height and weight were measured 

before the DXA scan using a mobile floor weight (Seca 877) and an altimeter (Seca 216), 

respectively. Subjects were instructed to fast at least 2 hours prior to the scan. Calibration was 

performed ahead of each day of testing according to the manufacturer’s guidelines. Images 

were analysed using encore software (version 14.10.022; GE-Healthcare).  

Ultrasound 

Muscle thickness, pennation angle and fascicle length of m. vastus lateralis and muscle 

thickness and cross-sectional area of m. rectus femoris was assessed by ultrasonography 

(Telemed ArtUS EXT-1H, IT, 70 Hz, Vilnius, Lithuania: probe LV8-5N60-A2, 60mm). 

Subjects were instructed to lay relaxed on the massage table with their knee extended 180 

degrees. The muscle thickness and cross-sectional area (CSA) measurements were taken 

directly between the hip and knee joint at the 33%, 50% and 67% at the femur length between 

the greater trochanter and lateral epicondyle of the femur, similar to Earp et al, 2015.13, while 

muscle architecture was assessed approximately at the 50% position. Measuring sites were 

located by palpating and measuring tape, and all measurements were performed on the 

preferred jump leg. To ensure consistent measurement location, probe measurement positions 

were marked with a waterproof pen during the familiarization session and subsequently 

transferred onto a transparent sheet using moles, birthmarks, and scars as reference points. 

Measurement positions were then located during the pre-and post-tests by referencing the 

markings on the thigh from the transparent sheet and comparing them with previous images 

taken at the same location. After covering the probe with water-soluble transmission gel 

(Aquasonic 100 ultrasound transmission gel; Parker laboratories inc., Fairfield, NJ, USA), it 

was gently placed against the skin to not cause errors in measurements by excessive pressure 

19,20. Two trained test leaders performed the ultrasound measurements. The probe was held 



 

across the direction of the respective muscle fibers to capture images of muscle thickness and 

CSA, while it was held parallel with the fibers of m. vastus lateralis to assess muscle 

architecture. Images were saved and then later analysed manually using ImageJ (Wayne 

Rasband, National Institutes of Health, Bethesda/MD, USA). Muscle thickness was measured 

by drawing a vertical line between at the upper and deeper aponeurosis at positions 

determined by recognizable reference points (such as connective tissue and the femur bone) to 

ensure measurements were taken at the same place pre- and post-intervention. CSA was 

measured by using the freehand function to draw lines around the inside of the aponeurosis. 

Due to the size of the m. rectus femoris of a lot of the subjects, several pictures taken at the 

50% and 67% sites could not fit entirely within the view of the probe. Therefore, reference 

points or a given distance from where the muscle thickness was measured were used to 

extrapolate or cut the images at the sides. To determine the pennation angle, a manual angle 

function was used to measure the angle of visible muscle fibers relative to the average 

direction of the deeper aponeurosis. Fascicle lengths were then estimated using average 

pennation angle (2-3) and average muscle thickness (measured at three points) put into the 

formula muscle thickness/(sinus(pennation angle* π)/180)) 

1 repetition maximum (1RM) 

To assess both lower and upper body maximal strength, estimations of 1 repetition maximum 

(1RM) for parallel squats and bench press were performed respectively. For squats, subjects 

were instructed to achieve a depth where the top of the thighs were parallel to the ground, 

under the supervision of test leaders. A familiarization period allowed subjects to estimate 

their 1RM, which they sought to improve during baseline testing. The testing protocol began 

with 5 reps at 50% of the estimated 1RM, followed by 2-3 reps at 70% 1RM, and 1-2 reps at 

90%. Then, 2-3 1RM attempts at a given load were undertaken. The loads were incrementally 

increased upon successful 1RM attempts until a weight could no longer be lifted or the 

successful attempt was near failure. For the bench press, the 1RM was part of a power profile, 

yet only the 1RM was utilized in this study. Subjects were instructed to use a traditional width 

grip, slightly wider than the shoulders, and to ensure the barbell touched the chest. The warm-

up began with the barbell at 1-5 reps with increasing velocity. Subjects gradually increased 

their load towards 90% 1RM, with measurements taken at a minimum of 5 different loads 

preceding the 1RM testing. For both exercises, rest periods lengthened in accordance with 

heavier loads, ranging from 1-3 minutes. 



 

Keiser leg press 

A Keiser A300 seated pneumatic leg press machine was used to assess maximal strength in 

the lower limbs as absolute force (newton), estimated from a 10-repetition FV test pre-

programmed in the Keiser software. The test starts at approximately 15% 1RM followed by 

incremental increase loads based on a 1 RM estimate obtained at familiarization. The seating 

position was set at ∼90˚ knee angle aiming for a vertical femur with adjusted seating settings 

noted and used at pre- and post-test. Subjects were instructed to push with maximal effort and 

intent during the initial concentric push while not resisting during the eccentric part of the 

movement. The test was performed until muscular failure and 1RM was obtained. Rest 

periods (10-60 seconds) increased as the loads increased. The FV test used measures several 

aspects of force and velocity, such as peak force, velocity and power, but this present study 

will only use the 1RM measure for further analysis.21  

MVC 

An isometric maximum voluntary contraction of knee extensors was performed to assess 

maximal strength of the dominant jump leg. The test was performed at 90˚ knee angle sitting 

at bench platform with handles at each side with the back of the knee touching the edge of the 

bench. A force cell was attached to the ankle and attachments positions were noted for use at 

pre- and post-test. Warmup consisted of subjects pushing at 50-, 70- and 90% maximum force 

for 2-3 seconds with a 30 second rest period. Following a 1 min break, subjects were told to 

push as hard as they could for a period of 3-5 seconds. Each subject got 3 attempts with >30 

second rest period. If recording the best attempt at the last rep, one more attempt was given. 

MVC was measured using a force cell (1000hz) from Musclelab (Ergotest Innovation, 

Stathelle, Norway).  

Training intervention 

The 12-week training intervention consisted of two weekly sessions (A and B) for both 

groups. Sessions A (high volume) and B (low volume) differed in their total volume, with the 

goal of facilitating easier implementation and timing of the training sessions to align with 

match days during the season. One session per week, usually session A, was supervised by 

project members to ensure that proper form, technique and progression were maintained 

during the training. Lifting velocity was tracked using VmaxPro® (Blaumann & Meyer, 

Sports Technology UG, Magdeburg, Germany; VMP) sensors to measure and ensure correct 

load and effort. Since the players were not familiar with using RIR, we measured velocity loss 

during squats in the HRG during the initial weeks to ensure the players were close to failure 



 

(velocity of <0.4 m/s at ~1RIR.22 Participants in PPG were instructed to give maximal effort 

and minimize loss of velocity with visual and verbal feedback. For the push jerk exercise, the 

initial weeks were used to find a load that ensured a minimum of 1 m/s, this load was then 

maintained throughout the intervention. The heavy load resistance program involved 

performing 2-6 sets of exercises at intensities of approximately 80-85% of 1RM, while the 

power and plyometric groups performed 2-4 sets of power exercises at lower intensities of 

≤50% 1RM, in combination with 75-90 plyometric bodyweight jumps. HRG and PPG 

training programs differ in total repetitions due to the different characteristics of each training 

modality. There is no consensus on how to match programs in terms of stimuli and overall 

workload so each program is based on current best knowledge on what has shown training 

adaptions in previous studies aiming for an optimal stimulus in both groups. XPS Network 

(Sideline Sports US LLC, Reykjavik, Iceland) was used for monitoring the participants during 

the intervention with players reporting sessions completed. Week 1 was performed as a 

familiarization period with reduced intensity (2-3RIR), effort (80-90% effort) and volume (2 

sets), before performing the full training program from week 2. 

 

 

Table 2: Heavy load training program 

Session A     

Exercises Sets Reps Rest RIR/intensity 

Parallel squat 3 5 3 min 1RIR 

Split squat 3 5 3 min 1 RIR 

Superset: hip thrust 3 5 3 min 1 RIR 

Superset: one leg calf rise 3 10 2 min High 

Romanian deadlift 2 5 3 min 1 RIR 

Superset: bench press 3 5 3 min 1 RIR 

Superset: pullups/pulldowns 3 5 2 min 1 RIR 

Shoulder press bar or dumbbells 2 5 2 min 1 RIR 

Weighted sit-ups 2 10 2 min High 

     

Session B     

Parallel squat 2 5 3 min 1 RIR 

Superset: nordic hamstring curl 2 5 3 min High 

Superset: superman/rollouts 2 10 2 min High 

Bulgarian lunges 2 5 3 min 1 RIR 

Bench press with dumbbells 2 5 3 min 1 RIR 

Superset: cable row or 1 – arm dumbbell rows 2 5 2 min 1 RIR 

Superset: Triceps dumbbell press 2 5 2 min 1 RIR 

 

 

    



 

 

 

 

 

Table 3: Power-plyo training program 

Session A     

Exercises Sets Reps Rest RIR/intensity 

Squat jump 4 5 3 min 50% 1RM 

Push jerk 3 5 2 min Velocity 

Superset: Explosive bench press with elastic bands 3 5 2 min 50% 1RM 

Superset: Single leg hip thrust jump 3 5 3 min BW/max 

Drop jump 3 10 2 min BW/max 

Superset: Kettlebell swing 3 8  12 kg + 

Superset: Medicine ball chest throw 3 5 2 min 2-4 kg 

Superset: Bulgarian jumps 3 5 3 min BW/max 

Superset: Box jumps 3 10 2 min BW/max 

Reverse rowing/med-ball slam 3 5 2 min BW/max 

     

Session B     

Squat jump 3 5 3 min 50% 1RM 

Superset: Single leg hip thrust jump 2 5 2 min BW/max 

Superset: Medicine ball chest throw 2 5 2 min 2-4 kg 

Hurdle jumps 2 10 2 min BW/max 

Split squat jumps 3 5 3 min BW/max 

Horizontal jumps 2 5 2 min BW/max 

Superset: Box jumps 2 10 2 min BW/max 

Superset: Reverse rowing 2 5 2 min BW/max 

Note: new exercises included in weeks 6-12 

 

Statistical analysis 

To assess whether the data were normally distributed, a Shapiro-Wilk test was conducted as 

well as an examination of the mean, median, skewness, kurtosis, and Q-Q. All data, except for 

PPG changes in body weight, squat, and MVC, were determined to be normally distributed. 

An independent samples t-test was used to evaluate between-group differences in percentage 

change from baseline, in addition to a Mann-Whitney U test for non-normally distributed 

data. To assess within-group changes from pre- to post-test, a paired samples t-test and 

Wilcoxon signed-rank test were performed. A significance level was established at p < 0.05, 

and confidence limits were set at 95%. Statistical analyses were conducted using Jamovi 

(2022, Version 2.3, the Jamovi project, Sydney, Australia). Descriptive baseline 

characteristics are presented as mean values and standard deviations (SD). Muscle size and 

strength results are reported as mean, percentage change, effect sizes (ES), SDs, confidence 

intervals, coefficients of variation (CV), and p-values. The effect size (ES) was calculated 

using Cohen's d. 



 

Results 

Between- and within-group pre-post absolute and relative changes and effect sizes for body 

composition, muscle morphology, and strength are presented in Table 5-7.  Percent within-

group changes from baseline in each variable are depicted in Figure 1. There was no 

significant difference in BW change between groups (P = 0.075) or change from baseline in 

both HRG and PPG (0.99% ± 2.04; P = 0.093 and -0.2% ± 2.7; P = 1.000) . TB-FFM showed 

no significant between-group difference (0.84%; P = 0.309) with significant increase from 

baseline in both HRG (2.53% ± 2.03%; ES: 1.24; P = < .001) and PPG (1.67% ± 2.49%; ES: 

0.69; P = 0.018). L-FFM also showed no significant group-differences (1.35%; P = 0.256) 

with significant increase from baseline in HRG (4.05% ± 2.75%; ES: 1.40; P = < .001) and 

PPG (2.72% ± 3.67%; ES:0.73; P = 0.014).  

 

Table 4: Body composition results 

 

Abbreviations: HRG: Heavy-load resistance group, PPG: Power-Plyo Group, FFM: Fat-free mass, CI: 

Confidence interval, LB: lower bound, UB: Upper bound, ES: Effect size (Cohens D), KG:kilogram 

 

RF-MT showed no significant difference in change between groups at any site (P=>0.05).  

Change from baseline was only seen in the proximal region with significant reductions in both 

HRG and PPG (-2.6% ± 3.2%; ES: -0.93; P = 0.003 vs. -2.1% ± 2.6%; ES: -0.6; P = 0.037). 

RF-CSA only showed between-group difference at the middle site (4.165%; P = 0.027) 

favouring HRG but change from baseline was not significant in any group (HRG: 3.0% ± 

5.3%; ES: 0.5; P = 0.062 and PPG: -1.1% ± 4.5%; ES: -0.18; P = 0.49). RF-CSA increased 

  

 Change from baseline   Between group percentage change 

differences 

 Pre-test Post-test        

Variables 

and groups 

N Mean ± SD Mean ± SD Δ% ± SD 95% CI  

(LB, UB) 

p-value Effect 

size 

Mean (%) 95% CI  

(LB, UB) 

p-value 

 

Bodyweight 

(kg) 

 

          

HRG 16 70.2 ± 13.9 70.80 ± 13.60 0.99 ± 2.04 [-0.12, 1.40] 0.093 0.45 1.16 [-0.13, 2.50] 0.075  

PPG 15 65.65 ± 6.8 65.65 ± 8.20 -0.20 ± 2.70 [-1.06, 1.06] 1.000 0.00 
 

FFM total 

(kg) 

 

          

HRG 16 49.81 ± 5.54 51.1 ± 6.08 2.53 ± 2.03 [0.74, 1.85] < .001* 1.24 0.845 [-0.82, 2.52] 0.309 

PPG 15 47.27 ± 4.08 48.07 ± 4.44 1.67 ± 2.49 [0.16, 1.44] 0.018* 0.69 
 

FFM legs 

(kg) 

 

          

HRG 16 17.13 ± 2.45 17.83 ± 2.59 4.05 ± 2.75 [0.43, 0.96] < .001* 1.40 1.350 [-1.03, 3.73] 0.256 

PPG 15 16.02 ± 1.71 16.45 ± 1.93 2.72 ± 3.67 [0.10, 0.77] 0.014* 0.73 



 

significantly from baseline only in the distal region in PPG (4.3% ± 7.8%; ES: 0.58; P = 

0.040) but showed no significant difference in between group percent change (1.56%; P = 

0.634). Between group difference in VL-MT was only found at the middle site (3.149%; P 

=0.011) with significant increase from baseline only in HRG (HRG: 3.6% ± 3.5%; ES: 1.09; 

P = <.001 vs. PPG: 0.1% ± 3.4%; ES: 0.11; P = 0.665). VL-MT also increased significantly 

only in the distal region of the HRG (HRG: 3.8% ± 5.2%; ES: 0.79; P = 0.006 and PPG: 1.5% 

± 4.5%; ES: 0.28; P = 0.292) but showed no significant between-group difference (2.249%; P 

= 0.210). No significant changes from baseline or between group percent change was found 

on pennation angle or fascicle length.  

 



 

Abbreviations: HRG: Heavy-load resistance group, PPG: Power-Plyo Group, CI: Confidence interval, LB: 

lower bound, UB: Upper bound, ES: Effect size (Cohens D), VL: Vastus Lateralis, RF: Rectus femoris, mm: 

millimetre, mm2: squared millimetres 

 

 

 

 

Table 5: Muscle size results 

 

 Change from baseline      Between group differences  
  Pre-test Post-test         

Variables 

and groups 

n Mean ± SD Mean ± SD Δ% ± SD 95% CI 
(LB, UB) 

p-value ES CV Mean 
(%) 

95% CI 
(LB, UB) 

p-value 

  

Muscle thickness (mm) 

 

RF Distal 

  

           

HRG 16 20.3 ± 3.19 20.7 ± 3.03 2.6 ± 6.8 [-0.31,1.19] 0.228 0.31  
5.8 

 
1.211 

 
[-3.82, 6.24] 

 
0.626 

PPG 15 19.9 ± 2.96 20.0 ± 2.36 1.4 ± 6.9 [-0.46, 0.80] 0.567 0.15 

 
RF Middle 

 

           

HRG 16 25.0 ± 2.38 25.1 ± 2.17 1.1 ± 4.4 [-0.41, 0.76] 0.537 0.16  
5.2 

 
-3.197 

 

 

 
[-7.81, 1.42] 

 
0.167 

PPG 15 24.5 ± 1.76 24.2 ± 1.72 -1.2 ± 4.0 [-0.89, 0.38] 0.399 -0.22 

 

RF Proximal 

 

           

HRG 15 29.3 ± 2.53 28.5 ± 2.48 -2.6 ± 3.2 [-1.34, -0.34] 0.003* -0.93  

4.0 

 

-0.573 

 

[-2.76, 1.62] 

 

0.597 
PPG 15 28.2 ± 2.73 27.7 ± 2.81 -2.1 ± 2.6 [-1.01, -0.04] 0.037* -0.6 

  

Cross-sectional area (mm2) 

 

RF Distal 

 

           

HRG 16 794 ± 156.1 813.5 ± 169.24 2.8 ± 10.0 [-22.19, 61.16] 0.335 0.25  

5.4 

 

-1.555 

 

[-8.15, 5.05] 

 

0.634 
PPG 15 746.7 ± 215.6 776.1 ± 225.25 4.3 ± 7.8 [1.54, 57.12] 0.040* 0.58 

 

RF Middle 

 

           

HRG 16 1215.4 ± 182.5 1248.6 ± 172.28 3.0 ± 5.3 [-1.87, 68.27] 0.062 0.50  

5.4 

 

4.165 

 

[0.52, 7.81] 

 

0.027* 
PPG 15 1208.5 ± 170.2 1196.0 ± 169.20 -1.1 ± 4.5 [-50.22, 25.29] 0.490 -0.18 

 

RF Proximal 

 

           

HRG 15 1461.3 ± 153.29 1426.8 ± 159.79 -1.5 ± 6.6 [-98.53, 29.51] 0.265 -0.31  

4.5 

 

-2.035 

 

[-6.25, 2.17] 

 

0.330 
PPG 15 1438.2 ± 201.91 1442.7 ± 189.80 0.5 ± 4.4 [-32.79, 41.91] 0.797 0.07 

  

Muscle thickness (mm) 

 
VL Distal 

 

           

HRG 16 24.2 ± 3.90 25.0 ± 3.50 3.8 ± 5.2 [0.26, 1.35] 0.006* 0.79  
4.4 

 
2.249 

 
[-1.34, 5.84] 

 
0.210 

PPG 15 22.2 ± 3.77 22.5 ± 4.03 1.5 ± 4.5 [-0.27, 0.84] 0.292 0.28 

 

VL Middle 

 

           

HRG 16 24.3 ± 4.81 25.2 ± 5.10 3.6 ± 3.5 [0.46,1.34] <.001* 1.09  

4.2 

 

3.149 

 

[0.79, 5.51] 

 

0.011* 
PPG 15 23.6 ± 3.39 23.6 ± 3.52 0.1 ± 3.4 [-0.31, 0.47] 0.665 0.11 

 

VL Proximal 

 

           

HRG 8 18.4 ± 9.54 19.2 ± 9.71 5.0 ± 11.5 [-0.60, 2.26] 0.216 0.48  

9.0 

 

-1.431 

 

[-11.74, 8.88] 

 

0.766 

PPG 5 20.5 ± 3.95 20.7 ± 4.52 -1.0 ± 7.3 [-1.22, 1.54] 0.764 0.14  



 

Abbreviations: HRG: Heavy-load resistance group, PPG: Power-Plyo Group, CI: Confidence interval, LB: 

lower bound, UB: Upper bound, ES: Effect size (Cohens D) 

 

Bench-press showed a significant difference in between group change (6.64%; P = 0.030) and 

increased significantly only in HRG (HRG: 5.2% ± 5.6%; ES: 0.97; P = 0.002 and PPG: -

1.5% ± 9.7%; ES: -0.15; P = 0.583). Squat increased significantly in both groups (HRG: 

14.5% ± 10.8%; ES 1.79; P = < 0.001 and PPG: 6.0% ± 7.3%; ES: 0.87; P = 0.006), but 

significantly more in the HRG group (8.56%; P = 0.006). Keiser absolute showed no 

significant difference in percentage change between groups (5.03%; P = 0.133) and increased 

significantly only in HRG (HRG: 9.6% ± 9.5%; ES: 0.87; P = 0.003 and PPG: 4.6% ± 8.6%; 

ES: 0.49; P = 0.080). Keiser relative score also showed no significant difference in percentage 

change between groups (3.62%; P = 0.276) and increased significantly only in HRG (HRG: 

8.5% ± 9.8%; ES: 0.85; P = 0.004 and PPG: 4.9% ± 8.2%; ES: 0.52; P = 0.065). MVC 

increased significantly in both groups (HRG: 5.4% ± 6.3%; ES: 0.87; P = 0.005 and PPG: 

4.4% ± 6.5%; ES: 0.71; P = 0.016) with no difference in percentage change between groups 

(1.00%; P = 0.133).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6: Muscle architecture results 

 

 Change from baseline      Between group differences  
  Pre-test Post-test         

Variables 

and groups 

n Mean ± SD Mean ± SD Δ% ± SD 95% CI 

(LB, UB) 

p-

value 

ES CV Mean 

(%) 

95% CI 

(LB, UB) 

p-value 

 

Pennation angle 

(degrees) 
 

          

HRG 16 14.5 ± 3.49 15.1 ± 3.16 6.2 ± 20.8 [-1.08, 2.28] 0.461 0.19  

20.3 

 

1.080 

 

[-12.94, 15.10] 

 

0.876 PPG 15 12.3 ± 2.97 12.6 ± 2.16 5.0 ± 17.1 [-0.78, 1.34] 0.579 0.15 
 

Fascicle length 

(mm) 

 

          

HRG 16 103.3 ± 16.03 104.5 ± 28.95 1.5 ± 22.0 [-11.78, 14.12] 0.849 0.05  

21.6 

 

3.054 

  

[-11.27, 17.38] 

 

0.666 PPG 15 114.0 ± 24.23 109.4 ± 15.45 -1.6±16.3 [-15.04, 5.99] 0.372 -0.24 



 

Table 7: Strength results 

 

 Abbreviations: HRG: Heavy-load resistance group, PPG: Power-Plyo Group, CI: Confidence interval, LB: 

lower bound, UB: Upper bound, ES: Effect size (Cohens D), MVC: Maximum voluntary contraction 

 

 

 

 

 

 

 

 

 Change from baseline 

 

  Between group differences 

 

 Pre-test Post-test        

Variables and 

groups 

n Mean ± SD Mean ± SD Δ% ± SD 95% CI  

(LB, UB) 

p-value ES Mean 

(%) 

95% CI  

(LB, UB) 

p-value 

 

Benchpress 

(kg) 

 

          

HRG 15 53.2 ± 6.91 55.8 ± 7.18 5.2 ± 5.6 [1.14, 4.19] 0.002* 0.97 6.64 [0.68, 12.59] 0.030* 

PPG 14 48.8 ± 5.61 48.0 ± 7.01 -1.5 ± 9.7 [-3.45, 2.03] 0.583 -0.15 
 

Squat (kg) 

 

          

HRG 14 83.0 ± 13.5 94.1 ± 11.71 14.5 ± 10.8 [7.503, 14.64] < .001* 1.79 8.56 [2.74, 13.29]  

0.006* PPG 14 47.27 ± 4.1 48.07 ± 4.44 6.0 ± 7.3 [0.16, 1.44] 0.006* 0.87 

 

Keiser absolute 

(newton) 

 

          

HRG 16 1826 ± 348 1990 ± 325 9.6 ± 9.5 [63.63, 264.5] 0.003* 0.87 5.03 [-1.63, 11.68] 0.133 
PPG 15 1729 ± 278 1804 ± 293 4.6 ± 8.6 [-10.13, 159.73] 0.080 0.49 

 

Keiser relative 

(newton/BW) 

 

          

HRG 16 26.3 ± 3.29 28.5 ± 4.35 8.5 ± 9.8 [0.81, 3.57] 0.004* 0.85 3.62 [-3.04, 10.28] 0.276 
PPG 15 26.5 ± 4.39 27.7 ± 4.91 4.9 ± 8.2  [-0.09, 2.57] 0.065 0.52 

 

MVC (newton) 

 

          

HRG 15 531.5 ± 76.8 559.6 ± 85.6 5.4 ± 6.3 [10.12, 46.06] 0.005* 0.87 1.00 [-3.78, 5.79] 0.671 

PPG 15 454.0 ± 78 474.7 ± 90.2 4.4 ± 6.5 [4.50, 36.74] 0.016* 0.71 



 

 

Figure 1: Mean % change from baseline.  

#  Significant difference between group change  

* Significant change from baseline  

Abbreviations: HRG: Heavy-load resistance group, PPG: Power-Plyo Group, MT: Muscle thickness, CSA: 

Cross-sectional area, BP: Benchpress, SQ: Squat, KA: Keiser absolute, KR: Keiser relative, MVC: Maximum 

voluntary contraction 



 

Discussion 

The main findings of the study indicate that both heavy load resistance training and 

power/plyometric training resulted in increases in fat-free mass. However, hypertrophy of the 

vastus lateralis and rectus femoris muscles showed regional and non-homogeneous patterns 

with greater effect in the middle thigh region from heavy load resistance training. Heavy load 

resistance training led to greater improvements in squat and bench press performance, with no 

significant differences observed in Fmax and MVC.  

 

Heavy load resistance-, power- and plyometric training are all effective methods for 

enhancing vital physical characteristics of both male and female handball players, such as 

sprinting, jumping, throwing and change of direction characterized by the ability to rapidly 

produce force (RFD). 4,8,13,17,23–28 They do so by developing muscular strength by stimulating 

both force and velocity abilities. 1,11 Each training modality requires substantial muscle 

activation generating different amount force and velocity across the force-velocity continuum. 

29 This leads to specific muscular demands that influence subsequent morphological and 

neural adaptions.  

 

Increasing muscle size has been viewed as essential for handball players to increase force 

production and has traditionally been viewed as mainly achieved through heavy load 

resistance training. 7,10,11,30 Recent summaries of the available literature challenged this view, 

finding significant hypertrophy from plyometric training across ages, sexes and training 

experience. 8,10 This is supported by findings in the present study showing significant 

increases with no group difference (0.84%; P = 0.309) in FFM indicating hypertrophy in both 

groups (HRG: 2.53% ± 2.03%; ES: 1.24; P = < .001 vs PPG; 1.67% ± 2.49%; ES: 0.69; P = 

0.018). The primary driver for hypertrophy, via muscle protein synthesis, is thought to be 

sufficient mechanical tension recruiting high threshold motor units, including type II muscle 

fibers, as well as muscle disruption and metabolic stress. 10,31,32 The limited time under 

mechanical tension and lack of metabolic stress has previously led to the assumption that 

power and plyometric training provide to little stimulus for hypertrophy to occur, but the 

present findings raises questions regarding these generally accepted mechanisms of 

hypertrophy . 1,8,10 Hypertrophy seen from power and plyometric training may indicate that 

brief exposure to high force mechanical tension is sufficient to elicit hypertrophy. 10 This may 

stem from the stimuli applied fast twitch muscle fibers known to be more sensitive to 

hypertrophy compared to slow twitch fibers. 10,33,34 While heavy load training usually recruits 



 

motor units based on the size principle (small to large), explosive training may need less time 

under tension due to recruiting larger high threshold motor units dominated by fast twitch 

fibers. 6,10,35,36 Another factor to consider is the challenge of matching workload between 

maximal and explosive strength training, whereas 1:1 ratio of sets x repetitions cannot be 

assumed to achieve the same stimuli. 10,37 This present study used a higher number of 

repetitions and sets in PPG based on previously shown effective volume this may account for 

time under mechanical tension. Using higher total volume (sets x reps) may therefore be a 

valid method to induce hypertrophy through accumulating time under high force mechanical 

tension. The lack of metabolic stress induced by this type of training may also facilitate easier 

implementation during in-season for handball players. 1 

 

While total hypertrophy showed no significant difference between groups, in line with the 

findings of Grgic et al (2021), regional and non-homogenous patterns of changes in muscle 

size has previously been shown in the literature between training modalities. 13,38 This pattern 

was observed when comparing changes between groups in measures of muscle thickness and 

cross-sectional area indicating better effect of heavy load training in the middle region of both 

rectus femoris (CSA; 4.165%; P = 0.027) and vastus lateralis (MT; 3.149%; P =0.01) 

compared to PPG. When assessing change from baseline, significant increases in distal RF-

CSA were found in PPG (4.3% ± 7.8%; ES: 0.58; P = 0.04) and increases in distal and middle 

VL-MT were found in HRG (Distal; 3.8% ± 5.2%; ES: 0.79; P = 0.006 and Middle; 3.6% ± 

3.5%; ES: 1.09; P = <.001). This non-homogenous pattern in hypertrophy is thought to be the 

consequence of different muscle groups as well as specific regions of individual muscles 

fulfilling distinct functional roles with regards to producing force at different velocities or 

movements. 13 This induces selective muscle recruitment and subsequent mechanical tension 

may explain the observed patterns in hypertrophy.  

 

Earp et al, (2015), performed a similar study comparing the effects of heavy squats vs jump 

squats also finding similar non-homogeneous patterns between groups. They hypothesized 

that certain regions of the muscles may be suited for high force production while other may be 

better at inducing high velocities. Muscle mass closer to the joint’s axis of rotation is 

beneficial for high velocity movements due to reduced moment of inertia, while high force 

production at low velocity is more dependent on CSA favouring muscle mass at the middle 

site .13,39,40 The HRG effect on muscle mass in the middle region should therefore allow the 

production of more force, but it may compromise the ability to achieve high velocity through 



 

increased moment of inertia. 13,39  While the hypothesized greater effect of HRG at the middle 

site was observed, no group difference were found in the distal site. PPG did show significant 

change from baseline in distal RF-CSA, but so did HRG in distal VL-MT. This indicates that 

heavy load is equally effective at inducing hypertrophy distally compared to PPG. It is 

important to note that distal muscle mass in the thigh, closer to the knee joint, may primarily 

provide specific benefits for achieving high velocity in knee dominant closed-chain 

movements such as squatting or jumping. 13 During sprinting the hip joint is more important, 

and distal hypertrophy could therefore require greater force production from the hip extensors 

and flexors to accelerate the thigh around the hip. 13 These distal adaptations observed may 

therefore be specifically relevant for jumping but may not directly translate to other 

movements like sprinting.  

 

Maximal strength refers to production of high force at low velocities, and is subsequently 

primary driven by muscle size. 11 Maximal strength can improve force production across the 

force-velocity spectrum and has shown strong association with RFD. 31 Heavy load resistance 

training is viewed as the most effective for increasing maximal strength, due to its specificity 

and effect on CSA, while explosive training has shown effects on maximal muscle strength it  

is viewed as more effective at improving specific neuromuscular aspects of high velocity 

movements. 1,11 The present study supports heavy load resistance training as a effective 

method, with significant increases in all strength parameters. Both 1RM squat (8.56%; P = 

0.006) and benchpress (6.64%; P = 0.030) increased significantly more in HRG, while no 

significant difference were found in Fmax and MVC. This overall greater effect in maximal 

strength is not surprising due to the specific neural and morphological adaptions to heavy load 

resistance training. While HRG showed greater effect, it should be noted that PPG achieved 

maintenance or improvement in all strength measures, including significant increase in squat 

(6.0% ± 7.3%; ES: 0.87; P = 0.006). This is likely due to the increases in muscle size 

displayed in both groups, but specific neural and morphological adaptions in HRG leads to a 

greater expression of maximal force. Overall this should highlight the effectiveness of heavy 

load resistance training for athletes looking to increase their maximal force production, but 

during in-season power- and plyometric training may be sufficient to maintain maximal 

strength.   

 

In conclusion both training modalities show effectiveness in increasing total FFM, with 

regional and non-homogenous hypertrophy patterns in vastus lateralis and rectus femoris, 



 

possible due to movement specific demands eliciting specific force and velocity beneficial 

adaptions. Maximal strength is more effectively increased via heavy load training, but power- 

and plyometric training seem to able to maintain it during in-season in female handball 

players.  

 

Perspective 

This study highlights the need for further investigation in the area of strength training during 

the in-season period, particularly focusing on the effectiveness of commonly used training 

methods. It is important to explore the specific effects of these methods on female athletes 

and to extend the research to elite-level athletes. While this study examines two training 

modalities in isolation, there is a need to further investigate the potential enhanced effects of 

combined training. The findings also reveal interesting insights into the mechanisms of 

hypertrophy, particularly regarding the effects of plyometrics, which warrant further 

exploration. Additionally, it is essential to investigate whether the observed regional and non-

homogenous hypertrophy patterns have distinct performance benefits. Overall, more research 

is needed to fully understand the implications and optimize the use of different training 

modalities in the context of in-season strength training. 
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