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Abstract   

Aim   

The main purpose of this study was to investigate Cross Education (CE), and how gender, 

detraining and leg dominance affects CE in previously untrained subjects when conducting 

a unilateral resistance training program. We also investigated if unilateral resistance training 

can give a hypertrophic response.   

Method  

Twenty healthy previously untrained individuals, 10 females and 10 males, were recruited as 

volunteer participants. The participants were randomly assigned to train either left or right 

leg. The training intervention was 10 weeks (34 sessions) of unilateral resistance training in 

the leg press and leg extension, sixteen of the participants fulfilled the criteria for inclusion. 

After two initial familiarization the participants trained conventional resistance training three 

times a week (week 1-3, 5-7 and 9-10) and Blood Flow Restriction Training (BFRT) five 

times a week (week 4 and 8). One repetition maximum for both legs in the leg press and leg 

extension was tested pre-, post and post20 to the training intervention as well as ultrasound 

measurements of muscle thickness.  

Results   

The ten-week training period resulted in a significant increase of maximal strength for the 

untrained leg 18,9 %, (16,6) (p < 0,01) in the leg press and 6,7 %, (3,7) (p < 0,05) in the leg 

extension. When comparisons between gender were made only men had a significant increase 

26,5 %, (16,7) (p < 0,01) in the leg press and 9,9 %, (4,7) (p < 0,05) in the leg extension. 

Also, we saw a significant difference between women and men on a group level. 

Comparisons of dominant vs non-dominant leg showed that training the dominant leg resulted 

in a significant increase of maximal strength in the untrained leg in both the leg press 22 %, 

(17,9) (p < 0,01) and leg extension 10,1 %, (4,3) (p < 0,05). The maximal strength in the 

untrained leg was not significantly altered by the detraining period and a significant increase 

of muscle thickness could be seen in the untrained leg at MP50 4,7 %, (1,3) (p < 0,01).  

Conclusion   

The conclusions are that a ten week unilateral resistance training intervention results in a CE 

effect for men but not for women and that this type of training also can result in an increased 

muscle thickness in the untrained leg. Our findings also supports that training the dominant 

limb has superior effect on achieving a CE effect. Lastly we conclude that a twenty week 

detraining period did not affect the CE achieved strength.    

 

 



 

Abstrakt   

Syfte    

Studiens huvudsakliga syfte var att undersöka Cross Education (CE) och hur kön, viloperiod 

och ben-dominans påverkar CE hos otränade individer när man undergår ett unilateralt 

styrketräningsprogram. Vi undersökte även om ett unilateral styrketräning kunde ge ett 

hypertrofisvar.   

Metod   

Tjugo friska otränade och för närvarande inaktiva individer, tio kvinnor och tio män 

rekryterades som frivilliga deltagare. Deltagarna randomiserades för att träna antingen vänster 

eller höger ben. Träningsperioden var tio veckor (trettiofyra pass) av unilateral styrketräning i 

benpress och benspark, sexton deltagare uppfyllde kriterierna för inkludering. Två initiala 

familjäriseringspass hölls varefter träningen delades in i två typer av träning, dels 

konventionell styrketräning tre gånger i veckan (vecka 1-3, 5-7 och 9-10) och dels Blood 

Flow Restriction Training (BFRT) fem gånger i veckan (vecka 4 och 8). Före, efter och efter 

tjugo veckor testades one repetition maximum för båda benen i benpress och benspark samt 

att ultraljudsmätningar för muskeltjocklek utfördes.    

Resultat   

Den tio veckor långa träningsperioden resulterade i en signifikant ökning av den maximala 

styrkan för det otränade benet 18,9 % (16,6) (p < 0,010) i benpressen och 6,7 % (3,7) (p < 

0,050) i bensparken. När jämförelser gjordes mellan könen så hade enbart män en signifikant 

ökning, 26,5 % (16,7) (p < 0,010) i benpressen och 9,9 % (4,7) (p < 0,050) i bensparken. Vi 

fann även att det var en signifikant skillnad mellan kvinnor och män på gruppnivå.  

Jämförelser mellan dominant och icke-dominant ben visade att träning av det dominanta 

benet resulterade i en signifikant styrkeökning i både benpress 22 % (17,9) (p < 0,010) och 

benspark 10,1 % (4,3) (p < 0,050). Den maximala styrkan i det otränade benet påverkades 

inte signifikant av en viloperiod och en signifikant ökning i muskeltjocklek kunde ses i det 

otränade benet i MP50 4,7 % (1,3) (p < 0,010)   

Konklusion   

Slutsatserna är att en tio veckors unilateral styrketräningsintervention resulterar i en CE effekt 

hos män men inte hos kvinnor, och att denna typ av träning kan resultera i en ökad 

muskeltjocklek i det otränade benet. Våra fynd styrker att träning av den dominanta lemmen 

har större effekt på CE. Slutligen drar vi slutsatsen att en tjugo veckors viloperiod inte 

påverkar CE-styrkan.   
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1. Introduction    

1.1 Background     

Resistance training, also known as strength training or weight training, is the short repeated 

executions of voluntary muscle contractions against a load that is bigger than those normally 

encountered in the regular daily living. Resistance training is one of the most potent ways to 

increase muscle strength. There are different factors responsible for strength gains following 

resistance training, some of the physiological responses are better understood while others, 

like the effects of the nervous system, are less clear. (Lee & Carroll 2007)    

  

Skeletal muscle is responsive to both the acute and chronic effects of resistance training, these 

responses depend on multiple factors such as frequency, load and recovery. One of the most 

common responses due to resistance training is an increase in the muscle cross sectional area 

(CSA), primarily due to muscle hypertrophy. The muscle hypertrophy is due to an increase in 

myofibrillar size and number. (Abernethy et al. 1994) Other responses is for example satellite 

cells that are involved in the very early stages of resistance training, their proliferation and 

ensuing fusion with the existing muscle fibers tends to be intimately involved with the 

hypertrophy response. Other types of responses are hyperplasia, changes in fiber type, 

myofilament density and changes in tendons and connective tissue. (Folland & Williams 

2007)  

  

There are also neurological adaptations due to resistance training. The first evidence for the 

neural adaptations to resistance training is an increase in muscle strength without notable 

muscle hypertrophy. There are also methods used, such as surface electromyographic activity 

(SEMG), which reveals that the early strength gains in a resistance training regimen is 

associated with an increase of the amplitude of SEMG. This increase has been explained by an 

increase in neural drive. (Gabriel, Kamen & Frost 2006) Also, indirect evidence for neural 

adaptations is the specificity of the training adaptations and the fact that imagery training 

might result in increases of muscle strength. Lastly, the so-called cross-education (CE) effect 

is evidence that neural adaptations take place during resistance training. (Folland & Williams 

2007) CE is the phenomenon in which an enhancement in performance of an untrained limb 

occurs after a period of unilateral training of the homologous opposite limb.  

  

It is therefore generally accepted that neural adaptations play a role in muscle strength gains 

during resistive exercise. There are multiple explanations why these neural adaptations may 
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lead to an increase in muscle strength. For example, studies have shown that humans are 

unable to fully activate muscle voluntarily, but that resistance training increases the number of 

motor units recruited. Also, the motor unit firing rate is increased by resistance training, and 

seems to be an important factor in the early increase in muscle strength. (Ratamess et al.  

American College of Sports Medicine (ACSM) 2009; Gabriel, Kamen & Frost 2006)  

However, during extended training periods this effect seems to be decreased to baseline level. 

One explanation can be that whilst other neural adaptations commence the motor unit firing 

rate is decreased. An example of this is the increased motor neuron excitability that has been 

seen in well trained athletes. (Gabriel, Kamen & Frost 2006)  

  

The pattern of the motor unit activation may be as important as the number of motor units 

recruited. A single extra firing-spike may have a dramatic effect in increasing the muscular 

force. An extra spike is most common when the rate of force development or the movement 

speed is high. One study showed an increased doublet firing after previous resistance training. 

(Gabriel, Kamen & Frost 2006)  

  

Another pattern of motor unit activation that might increase the muscle strength is increased 

motor unit synchronization. An early study done by Milner-Brown et al. Showed that motor 

unit synchronization increases with training, however, the validity of the SEMG technique to 

measure increased motor unit synchronization has been questioned.  

Nevertheless, Semmler and Nordstrom (1998) observed increased motor unit synchronization 

in resistance trained individuals compared to untrained individuals. (Gabriel, Kamen & Frost 

2006; Semmler & Nordstrom 1998)  

  

The enhancement of performance in an untrained limb due to unilateral training i. e. the  

CE phenomenon is not something new and was found as early as 1894. (Scripture et al. 1894 

see Farthing et al. 2007) A CE effect has been seen in both female and male subjects, as well 

as in old and young individuals. (Farthing et al. 2007; Zhou 2000) CE is found in numerous 

different facets of performance such as strength, skill execution and endurance following 

different practices such as resistance training, skill learning and endurance training. CE is 

unaccompanied by muscle hypertrophy hence the improvements in strength is linked to neural 

mechanisms. (Farthing et al. 2007; Gabriel, Kamen & Frost 2006; Moritani & deVries 1979) 

CE is regulated by the specificity principle. In other words the increase in strength of the 
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untrained limb is most significant when the untrained limb performs the same movement as 

the trained limb has been subjected to. (Lee & Carroll 2007)  

  

Most studies investigating CE use intensity greater than 60 %, however, recent studies have 

shown that resistance training using lower intensities also leads to a CE effect in the 

contralateral limb. The CE effect tends to be increased with the period of the resistance 

training, although there are no obvious relationship between the intensity and duration of the 

training, and the greatness of the CE effect (Zhou 2000).   

  

After several weeks of unilateral resistance training with either voluntary concentric or 

isometric contractions, an increase of 5-25 % in muscular strength have been seen in the 

untrained limb, most likely due to the CE effect. (Zhou 2000) Some studies have shown that 

the effect of CE is generally greater following a training regimen using dynamic contractions, 

and in particular eccentric muscle lengthening exercises which have shown a CE effect as 

large as 77 % (Hortobágyi, Lambert & Hill 1997), rather than using a training regimen with 

static isometric contractions (Rasch & Morehouse 1957). It is also stated that CE is effective 

in both upper and lower limbs. (Gabriel, Kamen & Frost 2006; Zhou 2000; Shields et al. 1999; 

Kannus et al. 1991)    

  

In Munn Herbert and Gandevias meta-analysis from 2004 the authors examined the existing 

literature to clarify the existence, and significance of CE. They only included randomized 

controlled studies (RCT) with control groups of non-training individuals and additional 

criteria's such as a training intensity of >50 % maximal voluntary strength and a training 

duration for a minimum of two weeks. In the pooled analysis, which is a way to draw 

conclusions based on a more meaningful sample size, the authors examined the data from 13 

studies and 309 subjects. They found that there is a significant but lower CE effect, regarding 

an increase in muscle strength, in the untrained limb (7.8 %) than seen in some previous 

studies as well as a significant training effect on the trained limb (20.5 %). The increase of 

strength in the untrained limb, expressed as a proportion of the increased strength in the 

trained limb was 35.1 %. After further analysis where the authors compared the size of the 

effects of dynamic and isometric training on CE, they concluded that there was no significant 

difference between the two training types. Neither did they find a significant difference in CE 

effect between upper and lower limbs. However an analysis of five studies (179 subjects) 
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examining the upper limbs did not show a significant CE effect on the untrained upper limbs. 

(Munn, Herbert & Gandevia 2004)  

  

Electrical stimulation (EMS) can also create a CE effect for the contralateral limb that is 

similar to, or even greater than, the cross-education effect that training with voluntary 

contractions may create. One study reported an increase in muscular strength by 21 % in the 

contralateral limb after four weeks of unilateral isometric EMS training. Another study found 

that a six week training program using EMS-eccentric contractions increased muscular 

strength in the contralateral limb by 104 %, an increase which was greater than the increase in 

muscular strength in both the trained and the untrained limb following training with voluntary 

contractions. (Zhou 2000)  

  

Another interesting matter in the field is that of CE and detraining. There have been limited 

investigations on the effect of CE during detraining, and the few studies done on this matter 

display conflicting results. (Shima et al. 2002) Also, the detraining period in the studies done 

on the issue have been a maximum of eight weeks. (Shima et al. 2002; Housh et al. 1996; 

Shaver, 1975) Shima et al. (2002) did not find any significant decrease of CE achieved 

strength following their detraining period.  

  

It is generally accepted that CE is due to neural adaptations, however it is uncertain where 

these neural effects originate. Some argue that the CE effect emerge from cortical, subcortical 

or spinal pathways, while others believe that the sensorimotor cortex, the temporal lobe or 

cerebellum may be involved in the cross education effect. Regions of activation associated 

with the untrained limb are the areas responsible for motor learning. For example, after 

unilateral resistance training, the activated area in the sensorimotor cortex was definitely 

enlarged, this is also consistent with earlier studies that associate enlarged activation with 

motor learning. Furthermore, studies have seen activation in the cerebellum for both limbs 

after unilateral training, the cerebellum is also thought to play an important role in motor 

learning. (Farthing et al. 2007)  

  

Other areas that are possibly involved in the CE effect are the sensorimotor cortex and the 

temporal lobe. For example, it has been seen that an increased activation in the contralateral 

sensorimotor cortex and in the ipsilateral temporal lobe after unilateral resistance training.  
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However, if the temporal lobe is involved in adaptations due to unilateral training, the exact 

mechanism and the role of the left or right temporal lobe are unknown. (Farthing et al. 2007)   

Memory retrieval may be important for the CE effect by providing an internal representation 

of the movement done by the unilateral limb. For example some argue that the amount of CE 

effect obtained is largely dependent on the retrieval of prior memory. There may be a 

relationship between prior memory, the cerebellum and the CE effect. For example, an 

increased activation of the cerebellum may lead to a more precise timing of antagonist, 

agonist, synergist or postural muscle activation and this may lead to an improved coordination. 

(Obayashi 2004)  

  

Gabriel, Kamen and Frost (2006) argues that motor unit recruitment, motor unit firing rate and 

doublet firing are three possible mechanisms for CE. Further mechanisms that are discussed 

are the humoral mechanism, which argues that resistance training will increase hormones in 

the blood that will increase the strength of the untrained leg, as well as the postural hypothesis 

in which the assumption is that the muscles of the untrained leg will contract during training to 

maintain posture and stability. All of these suggested mechanisms of CE may affect muscle 

activation and size. (Beyer et al. 2015) It is therefore believable that muscular adaptations may 

be mechanisms behind CE. However, there is evidence that render this unlikely. For example, 

magnetic resonance imaging did not detect any difference in the CSA in the leg that 

demonstrated the CE effect. Furthermore, biopsy studies showed no changes in enzyme 

activity or in fiber type composition in the untrained leg. Lastly, electromyographic studies 

revealed that the untrained leg is quiescent during the unilateral training, consequently, the 

untrained leg is not likely to achieve sufficient training stimulus to create any muscular 

adaptation. (Lee & Carroll 2007)  

  

If the mechanisms behind CE is better understood it might possibly lead to an improved and 

more effective usage of resistance training in rehabilitation situations. For example, CE might 

attenuate disuse atrophy, one of the complications caused by immobilization, hence maximize 

the rehabilitation effect. (Lee & Carroll 2007)  

  

Despite the fact that the effects of CE has been known for a long time in some fields there are 

other relevant areas, like biomedical engineering and rehabilitation, where the phenomenon is 

less known. There is no apparent relevance of a CE resistance training regimen for a healthy 

and neurologically intact individual because the typical resistance training goal would aim to 
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better the function in both limbs equally. However in the case of restoring function after a 

neurological injury or damage, where training of the both limbs are not possible, CE can be 

considered as a relevant clinical therapy. More specifically CE resistance training can be used 

in the case of orthopedic and neurological injuries such as fractures and stroke. (Farthing & 

Zehr 2014)  

  

Even though the CE effect has been seen in many studies, it has not been observed in all 

studies, the reason why the CE effect is not always seen is uncertain. Some explanations can 

be the small number of subjects, the characteristics of the subjects and that different training 

protocols may affect the CE. (Zhou 2000) Hence, it has also been questioned if there is a CE 

effect at all and in that case how large this effect really is. Many of the existing studies have 

been questioned due to their methodological choice, for example an inadequate use of a 

control group. (Lee & Carroll 2007)  

  

To our knowledge, this study is one of few studies to actually investigate the cross-education 

effect in both male and female participants at the same time. It is also one of the few studies 

that will investigate what will happen to the eventual CE effect after a detraining period, and 

to our knowledge the first to investigate a detraining period as long as twenty weeks. 

Furthermore it is also a RCT-study with many different measurements to ensure a valid result, 

for example, 1RM, caliper and ultrasound-measurements are used. The training in the study 

was also well periodized and observed by professional training personnel.   

1.2 Purpose   

The purpose of this study is to investigate if unilateral resistance training of the legs can result 

in a CE effect.   

1.3 Question formulation   

1. Does unilateral resistance training of one leg result in an increase of strength in 

the untrained leg in previously untrained subjects?   

2. Does unilateral resistance training of one leg result in any differences among 

women and men regarding strength and in the untrained leg?   

3. Is there any difference in the CE effect depending on which leg, dominant or 

nondominant, that has been subjected to resistance training?    
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4. How are the possible strength gains in the untrained leg affected by a 20-week 

detraining period?    

5. Does unilateral resistance training of one leg result in any increase of muscle 

thickness in the untrained leg? 

1.4 Hypothesis   

The hypothesis is that unilateral resistance training of the legs will result in a CE effect in both 

women and men. Also, it is unlikely that the training will result in a hypertrophic response in 

the untrained leg. 

 

2. Method    

2.1 Design    

This study will emanate from a quantitative approach and is a RCT. As with most 

experimental studies it is set to evaluate if a specific treatment (e.g. a training regimen or a 

dietary supplement) will cause a specific outcome, hence the dependent variables will be 

manipulated to see if it has any effect on the independent variable. (Thomas, Nelson & 

Silverman 2011)   

  

To presume that the treatment (i.e. our training regimen) is the cause of a potential effect, 

experimental researchers must try to control all other factors apart from the treatment factor. A 

big advantage when it comes to experimental research, when compared with other types of 

research, is that cause and effect can be discussed since this relationship can be established.  

(Thomas, Nelson & Silverman 2011).   

  

This study is an appendix of the Muscle Memory Project, which is done at The Swedish 

School of Sport and Health Sciences (GIH). The Muscle Memory Project was given ethical 

approvement by the regional board of ethics, DNR 2015/211-31/4.     

2.2 Participants     

Twenty healthy individuals without any present back- or knee injury or other illness (e. g. 

heart disease) were recruited. The participants were ten females and ten males that were 

previously untrained and currently inactive. None of the participants had any previous 

experience of continuous resistance training for the legs, neither had they been involved, 
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during an extended period, in any sports or similar strenuous activity (i. e. working as a 

postman) that could have an eventual hypertrophic effect on their legs. The participants were 

randomly assigned to train either left (n=9) or right leg (n=11), nineteen of the twenty original 

recruits completed the ten weeks of training and sixteen of the participants fulfilled the criteria 

for inclusion. The criteria for inclusion were as follows; the participants were not allowed to 

miss three training sessions in a row or more than 20 %, of the total training intervention (34 

training sessions). Three of the participants did not meet the requirement of enough completed 

training sessions and one stopped the training intervention prevenient due to personal issues.   

  

The mean (SD) for age was 24,44 (2,52) years, height was 174,20 (8,24) cm and weight was 

70,58 (17,23) kg. All of the participants were informed of the purpose of the study, 

experimental protocol and potential risks, after which they gave their written consent to 

participate in the study (Vetenskapsrådet) (appendix 2). Recruitment was done via interviews 

after posting information about the study on different social media and various universities. 

The interviews were done thoroughly to ensure that the participants were suitable for the 

study.    

2.3 Resistance Training     

Preceding the training period all of the participants were accustomed to the training area, 

machines and training exercises via two lighter familiarization bouts (appendix 3). The 

familiarization was done in order to minimize the possible learning effect prior to the 

baseline testing. During the familiarization, the participants were instructed not to reach 

muscular failure. The baseline testing included one repetition maximum (1RM) body 

composition measurement and ultrasound testing. The familiarization, 1RM and all of the 

resistance training were done at GIH in the laboratory of applied sport sciences (LTIV). The 

participants were monitored by the test managers and given professional resistance training 

guidance through every training session during the training period. The training was 

unilateral for either right or left leg, and the participants only trained one leg throughout the 

whole training period. The exercises used were the leg press in a Cybex leg press (model 

16110) and the leg extension in a Cybex Eagle leg extension (model 11051-90) (USA).   

  

The training period lasted for ten weeks, consisting of conventional resistance training  

(a total of eight weeks) and Blood Flow Restriction Training (BFRT) (a total of two weeks). 

Since this study is an appendix of the Muscle Memory Project the training regimen was 
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primarily designed to maximize hypertrophy and muscle fiber nuclei, hence the specific 

design. The training was program designed by Niklas Psilander (GIH), Mathias Wernbom 

(University of Gothenburg) and Truls Raastad (Norwegian School of Sport Sciences), During 

the training regimen the participants were instructed to maintain their normal lifestyle, in other 

words no changes in physical activity or nutrition, during the training intervention.  

 

During the conventional training the participants conducted a daily undulating periodized 

training program, which is seen as superior to non-periodized training (Rhea & Alderman 

2004), the training was performed three times a week mainly on Mondays, Wednesdays and 

Fridays. Each week consisted of one session with high repetitions (reps), 10-12 reps at 70-75 

% of 1RM with a tempo of 1-2 seconds in both the concentric and eccentric faze (HRsession), 

one session of high reps with lower intensity, 10-12 reps at 90 % of the weight performed in 

the HR-sessions with a tempo of 1-2 seconds in both the concentric and eccentric faze (HRLI-

session). The last session of every week consisted of lower reps with high intensity, 5-7 reps at 

80-85 % of 1RM with a tempo of 1-2 seconds in the concentric faze and a tempo of 3-4 

seconds in the eccentric faze (LR-session), this in order to further emphasize the benefits of 

eccentric training. (Ratamess et al. ACSM 2009) HR- and LR sessions were performed to 

failure. The HRLI-session was designed to ensure a high enough training frequency (Ratamess 

et al. ACSM 2009) whilst it also acted as a recovery session.  

  

The conventional training consisted of three sets of leg extension and three sets of leg press, 

the rest period between working sets was 1-2 minutes on HR- and HRLI-sessions and 2-3 

minutes on LR-sessions. Prior to the working sets the participants underwent a warm-up 

consisting of ten reps in the leg press, without any additional weight (20 kg), and ten reps in 

the leg press with a load consisting of approximately 50 % of the working weight. After the 

warm-up three sets of leg press were performed followed by a 2-3 minutes rest period after 

which three sets of leg extension was performed.   

  

The last two weeks of the training period was tapered, as seen in previous studies (Farthing 

& Borowsky 2007; Gibala, MacDougall & Sale 1994), in order to promote recovery from 

any possible overtraining and to optimize the post-testing (Brännström, Rova & Yu 2013; 

Pritchard et al. 2015). This was done via a decrease of performed sets in both the leg press 

and the leg extension. On week nine and ten the sets on HRLI-sessions was dropped from 
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three to one and on week ten the sets on HR- and LR-sessions was dropped from three to 

two. (appendix 4)   

  

The participants also performed BFRT, it was performed on week four and eight, and was 

completed five times a week. During the BFRT, the participants wore a cuff (Delfi Medical 

low pressure tourniquet cuff, 30-77cm, USA) on the proximal thigh automatically inflated by 

a Zimmer A.T.S. 2000 tourniquet system (USA). During the entire working period, the cuff 

was inflated and regulated to a pressure of ~ 100 mmHg. The BFRT consisted of four sets of 

either leg extension or leg press, the leg extension was performed three times per week and 

the leg press was performed two times per week, alternating each day. The desired reps for 

set one was 30, for set two 10, and for set three and four as many as possible. The rest period 

in between sets was 30 seconds. Set one and two were intended to be submaximal, however, 

during set three and four the participants was instructed to reach muscular failure. For set 

three and four, the test managers offered help to the participants during the first two reps in 

the concentric portion of the movement. This was done in order to reach the desired reps 

interval, also, most of the participants could complete several more reps by themselves after 

the initial help.   

  

The training was performed without any preceding warm up, and the weight used in the leg 

extension was 15-20 %, and in the leg press 25-30 % of the participants 1RM in respective 

exercise. The reps in the leg extension were performed with a tempo of 60 BPM, and in the leg 

press with a tempo of 50 BPM. The tempo was indicated using a metronome and given 

verbally by the test manager. (appendix 5) During the BFRT the test managers gave extensive 

encouragement, since this type of training is often perceived as hard and painful, different 

music was also played to further spur the participants.   

  

Throughout the resistance training, the participants were instructed to perform both the leg 

extension and the leg press with their back and buttocks firmly placed to the backrest and the 

seat of the machines, the hands were instructed to be placed either in the lap, over the chest or 

holding the machines handles. During both the conventional training and the BFRT the leg 

press had to be performed with a depth of at least 90° in the knee joint to be accepted, this was 

measured individually for the participants with a goniometer. The cybex leg press was also 

marked with individual tape markings to standardize proper depth during training bouts. The 



11  

measurement and marking of the training machines was done previous to the first 

familiarization session.   

 
Picture 1. Use of goniometer to assess 90° in the knee joint.  

 

The leg extension was instructed to be performed from the starting position at 90° in the knee 

joint to a top position at 180° indicating a fully extended knee. However, it was standardized 

that a repetition performed between 160-180° was accepted for count. Performed repetitions 

that did not meet these requirements, or where the test managers had to physically assist in 

some way, did not count.  

  

The 1RM for both legs was tested pre-, post and post20-training in the leg press and in the leg 

extension. Throughout the course of the training period the intensity was adjusted to maintain 

a progressive resistance training stimulus, this was done in order to ensure progress in both 

maximal strength and hypertrophy. Each HR-session a new theoretical 1RM was calculated 

based on reps and load performed on the previous LR-session. The new theoretical 1RM was 

calculated by using the Android application Rep Max Calculator 2.1.0 (USA) and the training 

  

  

Picture 2 . Individual tape markings in the leg press 
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load (% of 1RM) were thereafter adjusted to this new theoretical 1RM value. This application 

was chosen since it calculated a mean value of seven different RM-algorithms, Brzycki, 

Epley, Lander, Lombardi, Mayhew et al., O’Conner et al. & Wathen.    

2.4 Nutrition    

The participants were given protein supplements, either ~ 23,4 grams of whey protein (Fitness 

Guru One Whey) or ~ 21 grams of vegetable protein (Fitness Guru Hemp Protein), after each 

training session. This was done in order to maximize protein synthesis and also possibly 

contribute to greater hypertrophy. There are evidence that suggest that a moderate serving of 

high quality protein maximally stimulates skeletal muscle protein synthesis (Symons et al. 

2009), also (Moberg 2016, s. 20) suggest that 20 g of high quality protein is sufficient. 

Otherwise the participants were instructed to maintain their regular diet and no use of 

performance enhancing supplements were allowed.     

2.5 Measurements     

Measurement of 1RM, body composition and ultrasound    

  

The 1RM-testing began with a five-minute aerobic bicycle warm up on a Monark Ergomedic 

828E (Sweden) at a power development of 60 W. After the aerobic warm-up, the participants 

conducted a specific standardized test procedure (Tanner & Gore 2013, p. 213) after which 

1RM testing could begin. The testing always started with the leg press and continued with the 

leg extension. (appendix 6) The testing was done in the same cybex-machines that were used 

during the training period. In connection to the 1RM tests a body composition measurement 

was done using a standardized Jackson/Pollock seven site skinfold caliper test, the test were 

done using a Harpenden skinfold caliper (England). (appendix 7) Prior to the 1RM testing the 

participants were asked not to ingest any caffeine (appendix 8), and all of the participants had 

at least 48 hours of rest in between biopsy and the 1RM testing. In most cases ultrasound 

measurements were done before the 1RM testing, if not, the ultrasound were taken later on to 

avoid any muscle swelling from the previous training or testing.  

  

The ultrasound testing was done at Capio Artro Clinic using a Siemens 14L5/senor general, 

the frequency was set at 14MHz gain at 11dB and dynamic range of 75. The ultrasound was 

done in order to measure the muscle thickness at different muscle lengths, 25 %, 50 % and 75 

% (hereinafter called MP25, MP50 and MP75) of the quadriceps femoris muscle. More 

detailed description of the procedure has been described earlier (Alegre et al. 2014), however, 



13  

our ultrasound measurement had two main differences. Firstly in our procedure the 

anatomical landmarks that were used to measure the length of the legs was the superior 

patella to the trochanter major, secondly, our participants did not lay supine for 15 minutes 

before the measurements.   

2.6 Data analysis and statistics      

Data analysis was done using IBM SPSS Statistics Version 22 (IBM, New York, USA). The 

tests that were used was descriptive statistics, independent samples T-tests, paired samples T-

tests, one-way and two way ANOVA. For body composition paired samples T-tests were 

used, for comparisons between groups independent samples T-tests were used. For maximal 

strength (whole group, gender differences and dominant non-dominant leg) and ultrasound 

ANOVA tests were used. ANOVA repeated measures were used when comparing more than 

two different dependent variables. If the Mauchly´s test for sphericity was significant, i. e. if 

the sphericity was violated, the Greenhouse Geisser significance was used to define the 

significance level. However, if the Mauchly´s test was non-significant Ttests were used to 

determine the significance level. Statistical significance was set at p ≤ 0,05 and all of the data 

are reported as change in percentage, pre and post mean change and (SD). All of the data was 

normally distributed except for a small part of the ultrasound data. However, all of the data 

were still included in the analysis since the amount of skewed data was fractional. 

2.7 Validity, reliability and ethics    

Validity analyses if the right variable is measured in order to, for example, evaluate a specific 

treatment. In this study, the muscle thickness was measured using ultrasound testing, the 

maximal strength was measured using a 1RM test and body composition was measured using 

a skinfold caliper. All of these measurements are acknowledged as valid tools to measure 

these factors. (Pretorius & Keating 2008; Miyatani et al. 2003; Verdijk et al. 2009; 

Orphanidou et al. 1994)    

  

The methods used in this study have been described thoroughly in the hope of being 

reproducible. Prior to the training intervention pilot testing of both the 1RM-procedure and the 

BFRT were done, familiarization bouts were also utilized to exclude any possible learning 

effect. Moreover all of the testing- and training procedures were standardized between the test 

managers. These precautions were taken in order to ascertain the validity and reliability of this 

study.   
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To protect our participants we did our best, as Thomas, Nelson and Silverman (2015, p. 93) 

suggests, balancing the possible risks, the participant's rights and the contributing value of the 

study. All of the data were treated with discretion and care, it was locked away when not used 

and the participants were also anonymized. As mentioned earlier, The Muscle Memory 

Project, were given ethical approvement and all of the participants gave their written consent 

to participate. The participants were also given an upper body resistance training program and 

access to the gym at GIH twice a week. Although the participants were only allowed to train 

one leg during the first training period, they were going to train both legs during the second 

training period of The Muscle Memory Project.    

3. Results   

3.1 Participants   

The participants had no significant changes in body composition or body weight after the 

training period.    

3.2 Maximal strength for the leg press and leg extension   

After the ten-week training period the participants had a significant increase of maximal 

strength for the entire group, in the untrained as well as in the trained leg, in both the leg press 

and the leg extension. The increase of maximal strength in the untrained leg was 18,9 %, from 

81,5 kg to 97 kg (16,6) (p < 0,01) in the leg press and 6,7 %, from 38,3 kg to 41 kg (3,7) (p < 

0,05) in the leg extension. The increase of maximal strength in the trained leg was 59 %, from 

81,6 kg to 130 kg (24,1) (p < 0,01) in the leg press and 19,8 %, from 38,9 kg to 46,6 kg, (5,9) 

(p < 0,01) in the leg extension.   
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Figure 1. Maximal strength measured with 1RM in the untrained leg. The Y-axis is load measured in kilograms. The X-axis are pre- and 

posttests in either leg press or leg extension exercises. Double asterix (**) is significance value (p < 0,01) and asterix (*) is significance 

value (p < 0,05). Data are means and SD. Please note the differential scaling on the Y-axis compared to the other graphs.   

  

The maximal strength in the untrained leg was not significantly altered by the detraining 

period. However the entire group had a significant decrease of maximal strength in the trained 

leg in both the leg press -5,3 %, from 130 kg to 123 kg (6,3) (p < 0,01) and the leg extension 

6,7 %, from 46,6 kg to 43,5 kg (3,1) (p < 0,01) due to the detraining period.  
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Figure 2. Maximal strength measured with 1RM in the trained and untrained leg during three different time points. The Yaxis is load 

measured in kilograms. The X-axis is pre- post and post 20 measurements in either trained or untrained leg in the leg press and extension 

exercises. Double asterix (**) is significance value (p < 0,01). Data are means and SD. Please note the differential scaling on the Y-axis 

compared to the other graphs.   

3.3 Gender differences    

After the ten week training period only men had a significant increase of maximal strength in 

the untrained leg. In the leg press they had an increase of 26,5 %, from 103 kg to 130 kg (16,7) 

(p < 0,01) and in the leg extension an increase of 9,9 %, from 46,3 kg to 50,8 kg (4,7) (p < 

0,05). There was also a significant difference between women and men in the leg press (p < 

0,05) but not in the leg extension. There were no significant differences in the changes of 

maximal strength between men and women on a group level after the detraining period. 

However, there is a significant difference between men and women in the changes of maximal 

strength in both the leg press and the leg extension over the whole training period. Over the 

whole period men had an increase of 25 % from 103 kg to 128 kg in the leg press and 10,8 % 

from 46,3 kg to 51,3 kg in the leg extension, women on the other hand had an increase of 9,9 

% from 65 kg to 71,5 kg in the leg press and 0,4 % from 32,1 kg to 32,2 kg in the leg 

extension. 



17  

  
Figure 3. Maximal strength measured with 1RM in the trained and untrained leg in male or female subjects. The Y-axis is load measured in 

kilograms. The X-axis are pre- and post-measurements in untrained leg in men and women. The exercises are the leg press (LPU) and leg 

extension (LEU). Double asterix (**) is significance value (p < 0,01) and asterix (*) is significance value (p < 0,05). Octothorpe (#) indicates 

significant difference (p < 0,05) between women and men in the leg press on a group level from PRE to POST. Dagger (†) indicates 

significant difference (p < 0,05) between men and women in the leg press and in the leg extension on a group level over the whole training 

period. Data are means and SD. Please note the differential scaling on the Y-axis compared to the other graphs.  

  

Regarding the trained leg both women and men had a significant increase of maximal strength 

after the ten week training period. In the leg press women had an increase of 60,3 %, from 65 

kg to 104 kg (20,2) (p < 0,01) and men had an increase of 58 %, from 103 kg to 163 kg (25,1) 

(p < 0,01). In the leg extension women had an increase of 11 %, from 31,4 kg to 38,7 kg (2,0) 

(p < 0,01) and men had an increase of 17 %, from 48,5 kg to 56,8 kg (9,0) (p < 0,05). There 

were no significant differences between women and men in the trained leg.  

3.4 Dominant and non dominant leg    

The participants that trained their dominant leg had a significant increase of maximal strength 

in their untrained leg in both the leg press 22 % 17,4 kg (17,9) (p < 0,01) and leg extension 
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10,1 % 3,9 kg (4,3) (p < 0,05). However the participants that trained their non-dominant leg 

did not have any significant increase in their untrained leg in either the leg press (15,1 % 

increase) or the leg extension (2,3 % increase).    

  
Figure 4. Maximal strength measured with 1RM in dominant and non-dominant leg. The Y-axis is load measured in kilograms. The X-axis 

are pre- and post-measurements in the untrained dominant and non-dominant leg. The exercises are the leg press (LPU) and leg extension 

(LEU). Double asterix (**) is significance value (p < 0,01), asterix (*) is significance value (p < 0,05). Data are means and SD. Please note 

the differential scaling on the Y-axis compared to the other graphs.   

3.5 Muscle thickness   

A significant increase in muscle thickness could be seen in the untrained leg at MP50 4,7 % 

from 21,8 mm to 22,9 mm (1,26) (p < 0,01). After the detraining period there were no 

significant decrease of muscle thickness for either men or women. We also observed a 

significant increase in muscle thickness in the trained leg a MP25 7,5 % from 17 mm to 18,3 

mm (1,64) (p < 0,05), MP50 15,1 % from 21,2 mm to 24,2 mm (1,53) (p < 0,01) and at MP75 

7,5 % from 22,7 mm to 24,4 mm (1,4) (p < 0,01) compared to the baseline testing on a group 

level. After the detraining period there was a significant decrease of muscle thickness in the 

trained leg for men at MP25 % from 19,8 mm (3,3) to 17,4 mm (4,0) (p < 0,05) and at MP50 

% from 27,2 mm (4,6) to 24,4 mm (4,0) (p < 0,05) and for women at MP50 % from 22,3 mm 

(3,2) to 20,7 (3,0) mm (p < 0,05) and MP75 % from 22,3 mm (3,3) to 20,5 mm (4,2) (p < 

0,05). 
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4. Discussion    

This study is to our knowledge one of few studies in this field to compare women and men at 

the same time and under the same training regimen. It is also to our knowledge the first to 

investigate the effect of a detraining period as long as 20 weeks on the maximal strength in the 

untrained leg i. e. the CE achieved strength.  

  

The primary findings of our study are that a ten-week unilateral resistance training program 

results in an increase of maximal strength in the untrained leg, i. e. a CE effect, in previous 

inactive participants. However, when comparisons between women and men were done, we 

only found a significant CE effect for men. This is interesting since it contradicts some 

previous findings by Farthing et al. (2007), Farthing et al. (2005) and Hortobágyi et al. (1999), 

however the subjects in these studies were only women. We also found a significant increase 

of muscle thickness in the untrained leg on a group level. Other important findings are that a 

twenty week long detraining period did not alter the strength in the untrained leg and that only 

participants who trained their dominant leg had an significant CE effect.   

  

The achieved CE effect conforms previous findings (Beyer et al. 2015; Lee & Carroll 2007;  

Farthing et al. 2014; Farthing et al. 2007; Farthing et al. 2005; Munn, Herbert & Gandevia 

2004; Zhou 2000) but still there have been numerous studies that did not find a CE effect 

when investigating this phenomenon (Garfinkel & Cafarelli 1992; Housh et al. 1992). It is 

interesting to discuss why we saw a CE effect and this phenomenon may have many possible 

explanations. Farthing et al. (2007) states that it is generally accepted that the CE effect is due 

to neural adaptations. Plausible explanations for the CE effect may be increased motor unit 

recruitment, increased motor unit firing rate or increased doublet firing. (Gabriel, Kamen & 

Frost 2006) Yet other possible mechanisms behind the CE effect may be a more precise timing 

of antagonist, agonist, synergist or postural muscle activation, this may lead to an increased 

coordination.  (Obayashi 2004)   

  

Another theory is that motor learning may cause the CE effect. Other studies have shown an 

enlarged sensorimotor cortex and also an increased activation in the cerebellum due to 

unilateral strength training, and both the sensorimotor cortex and the cerebellum seem to play 

an important role in motor learning. Also, studies have shown an increased activation in the 

ipsilateral temporal lobe after unilateral resistance training. (Farthing et al. 2007)    

  



20  

Memory retrieval may be important for the CE effect. This may effect CE through creating 

an internal representation of the movement done by the unilateral limb. Obayashi (2004), 

states that the amount of CE effect obtained may be largely dependent on the retrieval of 

prior memory. He also discusses a possible relationship between prior memory, the 

cerebellum and the CE effect.  

  

Finally, a factor for the increased strength in the untrained leg may be muscular hypertrophy. 

We found a significant increase in muscle thickness at one muscle length in the untrained leg 

after the training period. Muscle thickness has been correlated to CSA (Hulmi et al. 2009) and 

CSA is the parameter which is often used to measure hypertrophy.  To our knowledge this 

finding is the first of its kind. If this finding is something that can be repeated it might 

potentially have great effects for clinical applications e. g. resistance training for 

rehabilitation. The postural hypothesis and the humoral mechanism (Beyer et al. 2015), which 

are alternative explanations for CE, might be the reasons for this finding. However, there is 

also evidence that renders these hypotheses more unlikely. For example, previous studies did 

not find any increased CSA in the leg that obtained the CE effect. Furthermore, biopsies have 

not showed any differences in fiber type composition or in enzyme activity in the untrained 

leg. Lastly electromyographic studies have shown that the untrained leg is still during the 

unilateral training. (Lee & Carroll 2007)  

  

We observed no CE effect for women, something that contradicts some previous studies. Both 

Farthing et al. (2007), Farthing et al. (2005) and Hortobágyi et al. (1999) found a CE effect in 

their participants which were all women, however, Garfinkel and Cafarelli (1992) did not. 

Some studies with both male and female participants did not make comparisons between 

genders (Yue & Cole 1992; Kannus et al. 1992). The reason why the female participants in our 

study did not achieve any CE effect compared to some other studies may have multiple 

explanations, such as different training regimens or training of different muscle groups.  

  

Farthing et al. (2007) and Farthing et al. (2005) investigated maximal strength in hand and arm 

muscles, also, their resistance training consisted of isometric contractions. In contrast, our 

study investigated the maximal strength in the leg extensors and the resistance training 

consisted of concentric and eccentric contractions. This might be one of the explanations why 

our results contradict each other. However, Hortobágyi et al. (1999), which is the most similar 

study to ours regarding investigated muscle group and training type, also found significant CE 
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effect for women. Another, and plausible reason that females showed no CE effect could be 

that 71 % of the men trained their dominant leg whilst only 44 % of the women trained their 

dominant leg. Findings from our own study and previous studies like Farthing et al. (2005) 

have indicated that training the dominant limb has superior effect on achieving a CE effect. 

Several studies on CE in different facets of performance (Criscimagna-Hemminger et al.  

2003; Latash 1999; Parlow & Kinsbourne 1989) support the direction of transfer as dominant 

to non-dominant.  

  

During the twenty-week long detraining period, we did not see any difference in maximal 

strength in the untrained leg. However, in the trained leg, we saw a significant loss of maximal 

strength during the detraining period. 

  

This might have many potential explanations, and it is not seen in all studies. For example, 

Shaver (1975) found a significant loss of CE-achieved strength in the arms after 4, 6 and 8 

weeks of detraining. However, Housh et al. (1996) found no loss in CE-achieved strength or 

isokinetic peak torque in the legs after 8 weeks of detraining. Also, Shima et al. (2002) did not 

find any significant loss of isometric MVC in the plantar flexors after a detraining period of 6 

weeks.  

  

One possible explanation why our participants did not lose any significant strength in the 

untrained leg can be that we trained the limbs of the lower body. For example, both Housh et 

al. (1996) and Shima et al. (2002) did not find any significant loss of CE strength, and both 

studies trained the limbs of the lower body. On the other hand, Shaver (1975) trained the arms 

and found a significant loss of CE strength. This might suggest that the lower body has some 

kind of CE saving mechanism. Also, a contributory factor for this may be that the legs are 

more commonly used in daily activities, such as walking.  

  

One theory why the trained leg lost significant strength, but not the untrained leg, can be that 

the strength increases in trained and untrained leg rely on different factors. For example, the 

trained leg showed significant increases in muscle thickness, in three different muscle lengths. 

The untrained leg had a significant increase in muscle thickness, but only in one muscle 

length, also the untrained leg had a much smaller percentage change (4,7 % compared with 

15,1 % for the trained leg). Also, it is possible that the untrained leg relied more on neural 

factors when it increased its strength. This may imply that muscle mass is more easily lost 
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than neural factors during detraining. Staron et al. found that the maximal strength may be 

retained during a period of inactivity. However, in this study the CSA did not decrease to 

pretraining values even after a 30-32 week detraining period. On the other hand, they also 

found that the fiber type composition had returned to the pre-training distribution after the 

detraining period. (Staron et al. 1991)  

  

Findings from studies investigating cross education, including our study has many 

applications, for example clinical applications. A great interest in the CE effect was spurred 

after several immobilization studies that found profound responses in the immobilized limb 

from training the opposite limb (Farthing, Krentz & Magnus 2009; Farthing et al.  2011). Lee 

& Carroll (2007) states that if the mechanisms behind CE is better understood, this might give 

us more effective usage of resistance training in rehabilitation situations. For example, disuse 

atrophy, often caused by immobilization might be attenuated by the CE effect, and therefore 

maximize the rehabilitation effect. After an injury there are decreases in muscle mass, strength 

and muscle activation. For example, fractured limbs strength is approximately 50 % lower 

three months post fracture (Földhazy et al. 2007). After a unilateral orthopedic injury i. e. 

fracture or neurological damage like stroke where one side is immobilized, the CE effect 

might assist to increase the functional capacity of the injured or damaged structure, in this 

case, the goal should be to restore previous symmetry or to regain bilateral functional capacity.  

  

Studies have shown that a CE intervention after a fracture may help increase the recovery of 

the fractured limb. For example the strength and the range of motion have been shown to be 

significantly greater after 12 weeks when using a CE resistance training program rather than 

the normal rehabilitation procedures when treating patients with distal radius fractures. From 

week 9 to 12 the cross education group experienced a 34 % greater increase of fractured limb 

strength compared to the control group (Magnus et al. 2013). The time interval is interesting in 

this situation because the patients that followed the normal rehabilitation process did not have 

any improvement in muscle strength or range of motion in the injured limb up to three months 

after the injury (45 % weaker than the nonfractured limb), and this may cause a higher risk of 

reinjury. (Farthing & Zehr 2014)  

  

After a stroke, the patient is often left with neurological damage. They often experience 

muscle weakness combined with excessive antagonist muscle activity, this leads to reduced 

movement at a given joint and decreased ability to generate functional movement. Typically, 
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stroke presents an asymmetry, one more affected (MA) and one less affected (LA) side. The 

goal after neurological damage should be to improve functional movement, for example 

through resistance training. Resistance training can improve muscle strength and improves 

functional abilities in poststroke patients (Morris, Dodd & Morris 2004). Regular clinical 

efforts for stroke are attempts to modify the activity of the MA side, for example through 

training, stimulation or other treatments. The big problem is implementation of resistance 

training, where it matters most, is difficult. Often hefty weakness in the MA side may cause 

insufficient training stimulus to get a training effect from the MA side. One alternate treatment 

is attempting to reach the interlimb neural circuits, this allows the LA side to influence the 

MA side through pathways from the LA side. Also, unilateral strength training can be linked 

to bilateral increases in muscle activation and reflex excitability. For example, studies have 

shown strength increases of 34 % in the LA leg and 31 % in the MA leg after unilateral 

dorsiflexion training of the LA side. In this study, participants who were previously unable to 

create measureable dorsiflexion torque, were able to meaningfully activate the untrained 

muscles. (Dragert & Zehr 2013) After unilateral resistance training of the LA limb, the MA 

limb may be more functional and can be trained successfully in a bilateral training program. 

(Farthing & Zehr 2014)  

  

Although it is uncertain where the neural effects originates from, and even when considering 

the fact that it may be of importance to find where they originate, Farthing and Zehr (2014) 

has a valid point in the matter. They argue that the contributing neural factors for CE logically 

reside at multiple sites with different lines of plasticity. Hence, we suggest that for clinical 

applications the most important issue is not the exact location of the neural effects but rather 

how and where to use CE resistance training to prevent for example degenerative muscle 

function. Resistance training, and in the case of one-sided immobilization CE resistance 

training, should be an important part of a rehabilitation program since poor muscle function 

can impoverish an individual’s quality of life and as Lee and Carroll (2007) states that muscle 

weakness often hinders or delay functional recovery after an injury or disease. However, we 

understand that the findings of the exact locations where CE originates from might lead to a 

further understanding and better clinical applications that we are not aware of yet.   

  

On the other hand, there seems to be little relevance of CE resistance training for healthy, 

neurologically intact individuals. Farthing and Zehr (2014) describes that chronic unilateral 

strength training would result in functional or morphological asymmetry, something that is 
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often undesired unless that asymmetry is wanted to improve some kind of specific task e. g. 

throwing, hitting or kicking for a specific sport. The goal for a healthy individual would be to 

enhance the function of both limbs.  

  

There are many interesting areas for future research. For example, it would be interesting to 

see if there is a CE saving mechanism in the lower limbs of the body. It would be interesting 

to know if this effect is due to a CE saving mechanism, or if it is simply that the legs are more 

commonly used in daily activities. If this is explored it may improve the use of CE during 

periods of inactivity. Also, it would be interesting to further investigate if there is a CE effect 

amongst women, since the available literature is contradicting. Another interesting area for 

future research would be the usage of CE in rehabilitation processes, this in order to further 

refine the clinical applications of CE. Lastly, since this is one of few studies that found a 

hypertrophic response in the untrained leg it would be interesting to see if unilateral resistance 

training could result in increased muscle mass in the untrained leg, if so it might have a great 

impact in for example rehabilitation processes.  

4.1 Limitations   

Regarding measurements of muscle thickness, for a more accurate result computed 

tomography would have been preferable. However we used ultrasound measurements which 

has also been proven as a valid method (Pretorius & Keating 2008), but to increase the validity 

of this method it has been suggested that the participant should be laid supine for 1520 

minutes to allow for body fluids to stabilize (Berg, Tedner & Tesch 1993). As a result of time 

limitations our participants only sat for 5-20 minutes before undergoing the ultrasound testing, 

a factor that might have had an effect on the results of the measurements.  
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Appendix 1 

Source and literature search   

   

Purpose and question formulations:  

Purpose:  

The purpose of this study is to investigate if unilateral resistance training for the legs can 

result in a CE effect.  

Question formulations:  

1. Does unilateral resistance training of one leg result in an increase of strength in the 

untrained leg, in previously untrained subjects?  

2. Does unilateral resistance training of one leg result in any differences among women and 

men regarding strength in the untrained leg?  

3. Is there an difference in the CE effect depending on which leg, dominant or nondominant, 

that has been subjected to resistance training?   

4. How are the possible strength gains in the untrained leg affected by a 20-week detraining 

period?  

5. Does unilateral resistance training of one leg result in any increase of muscle thickness in 

the untrained leg?  

  

Which words have you been using during your literature search?  

Cross education, “Cross education”, “Cross-training effect”, Neural Adaptation, Cross 

education strength, Skeletal muscle protein synthesis, Periodization strength, Semler and 

Nordstrom, Resistance training, Strength training, Whey protein protein synthesis, Hemp 

protein protein synthesis, Protein protein synthesis, Skinfold kaliper validity, Jackson 

pollock kaliper validity.   

   

   

Where have you searched?  

PubMed, Google Scholar,  

   

Which of the literature searches gave relevant results?  

Cross education, “Cross education”, “Cross-training effect”, Periodization strength, 

Whey protein protein synthesis protein synthesis, Skinfold kaliper validity, Neural 

Adaptation. 
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Comments  

We received multiple articles from our supervisor Niklas Psilander, also, PubMed was the 

best site for our topic. We found a lot of articles that the initial articles we read were 

referring to.   
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Appendix 2 

Informerat samtycke (biobank)    

Undertecknad har tagit del av den skriftliga informationen.Jag accepterar att delta i 

forskningsstudien rörande ”Harmänniskan ett muskelminne?” och har förstått att mitt 

deltagande är helt frivilligt och kan avbrytas när som helst utan någon förklaring.    

   

Jag godkänner att de vävnadsprov som jag lämnar kommer att förvaras i biobank vid GIH 

(Gymnastik-och Idrottshögskolan), att proverna används på det sätt som beskrivits i 

forskningspersonsinformationen men att jag när som helst kan återkalla mitt samtycke till 

användning av mina prover och begära att proverna omedelbart förstörs eller avidentifieras, att 

proverna används i framtida biomedicinsk forskning som inte är beskriven här och som i 

förekommande fall kommer att granskas och godkännas av regional etikprövningsnämnd samt 

att i samband med sådan forskning journalkopior eller information baserad på min journal 

lämnas ut (stryks om forskningspersonen motsätter sig det).    

    

Datum:………………………………    

    

    

Underskrift:……………………………………………….    

   

   

Namnförtydligande:……………………………………….    

   

Personnummer □ □ □ □ □ □ - □ □ □ □    
  

Dokumentet är upprättat i två original varav forskningspersonen behåller den ena och det 

andra arkiveras av ansvarig prövare.    
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Appendix 3  

Familiarization  

  

Muscle Memory Familiarization Bouts 1 & 2   

A warm up with light weights in both machines, one leg at a time.   

 

Leg Extension  

The participant shall extend their leg fully and stop performing the exercise while still able to 

perform 1-2 reps through every set. The participant should not be driven to failure.    

Set 1   

8-10 reps, in each leg  

Set 2  

4-6 reps, in each leg  

Set 3  

2-3 reps, in each leg  

 

Leg Press  

The participant should reach 90° in the knee joint in the bottom position of the movement and 
stop performing the exercise while still able to perform 1-2 reps through every set. The 

participant should not be driven to failure.  

Set 1  

8-10 reps, in each leg  

Set 2  

4-6 reps, in each leg  

Set 3  

2-3 reps, in each leg   
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Appendix 4 

Resistance training overview  

Week, type of activity, % of 1RM     

1. Ultrasound/Familiarization -    

2. 1RM measurement  100%    

3. Resistance training 70-85 %    

4. Resistance training 70-85 %    

5. Resistance training 70-85 %    

6. BFRT 15-30 %    

7. Resistance training 70-85 %    

8. Resistance training 70-85 %    

9. Resistance training 70-85 %    

10. BFRT 15-30 %    

11. Resistance training 70-85 % (taper to promote recovery)  

12. Resistance training 70-85 % (taper to promote recovery)   

13. Ultrasound/1RM measurement 100%  

Conventional resistance training Week 

1:    

Monday: 2 set leg press + 2 set leg extension, 10-12 reps (~70-75 % of 1RM) until failure, 

moderate velocities (1-2 sec for the concentric and eccentric phase), 1-2min rest between set 

and machine.     

Wednesday: Same sets and reps as Monday but 90% of the intensity as Monday   

Friday: 2 set leg press + 2 set leg extension, 5-7 reps (~80-85 % of 1RM) until failure, 

emphasis on the eccentric phase (2-3 sec).    

    

Week 2 and 3:    

Monday: 3 set leg press + 3 set leg extension, 10-12 reps (~70-75 % of 1RM) until failure, 

moderate velocities (1-2 sec for the concentric and eccentric phase), 1-2min rest between set 

and machine.     

Wednesday: Same sets and reps as Monday but 90% of the intensity as Monday   

Friday: 3 set leg press + 3 set leg extension, 5-7 reps (~80-85 % of 1RM) until failure, 

emphasis on the eccentric phase (2-3 sec).    

    

Week 5-7:    
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Monday: 3 set leg press + 3 set leg extension, 10-12 reps (~70-75 % of 1RM) until failure, 

moderate velocities (1-2 sec for the concentric and eccentric phase), 1-2min rest between set 

and machine.     

Wednesday: Same sets and reps as Monday but 90% of the intensity as Monday   

Friday: 3 set leg press + 3 set leg extension, 5-7 reps (~80-85 % of 1RM) until failure, 

emphasis on the eccentric phase (2-3 sec).     

   

Week 9:    

Monday: 3 set leg press + 3 set leg extension, 10-12 reps (~70-75 % of 1RM) until failure, 

moderate velocities (1-2 sec for the concentric and eccentric phase), 1-2min rest between set 

and machine.     

Wednesday: 1 set leg press + 1 set leg extension, 90% of the intensity as Monday   

Friday: 3 set leg press + 3 set leg extension, 5-7 reps (~80-85 % of 1RM) until failure, 

emphasis on the eccentric phase (2-3 sec).    

    

Week 10:    

Monday: 2 set leg press + 2 set leg extension, 10-12 reps (~70-75 % of 1RM) until failure, 

moderate velocities (1-2 sec for the concentric and eccentric phase), 1-2min rest between set 

and machine.     

Wednesday: 1 set leg press + 1 set leg extension, 90% of the intensity as Monday   

Friday: 2 set leg press + 2 set leg extension, 5-7 reps (~80-85 % of 1RM) until failure, 

emphasis on the eccentric phase (2-3 sec).   
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Appendix 5 

BFRT  

Week 4 (BFRT):     

Monday: 4 sets of leg extension at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set 2:  

15 reps, set 3 and 4 until failure     

Tuesday: 4 sets of leg press at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set 2: 15 

reps, set 3 and 4 until failure     

Wednesday: 4 sets of leg extension at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set  

2: 15 reps, set 3 and 4 until failure     

Thursday: 4 sets of leg press at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set 2: 15 

reps, set 3 and 4 until failure     

Friday: 4 sets of leg extension at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set 2: 15 

reps, set 3 and 4 until failure     

   

Week 8 (BFRT):     

Monday: 4 sets of leg extension at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set 2:  

15 reps, set 3 and 4 until failure     

Tuesday: 4 sets of leg press at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set 2: 15 

reps, set 3 and 4 until failure     

Wednesday: 4 sets of leg extension at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set  

2: 15 reps, set 3 and 4 until failure     

Thursday: 4 sets of leg press at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set 2: 15 

reps, set 3 and 4 until failure     

Friday: 4 sets of leg extension at 15-20% 1RM, 30s rest between sets, set 1: 30 reps, set 2: 15 

reps, set 3 and 4  until failure     

   

Instructions for test managers and participants   

Pace holder: instructs, keeps the pace, counts the repetitions that are not accepted. The only 

one who can physically help with the first reps in set three and four. Timekeeper: counts 

repetitions, protocol writer, controls the rest periods.  

   

Leg extension - Accepted/Not accepted  

20 degrees, the two first warnings will count as accepted repetitions Don't 

lift your buttocks from the machine seat.  
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Repetitions are accepted even though out of pace.  

Leg press - Accepted/Not accepted  

90 degrees in the knee joint, the two first warnings will count as accepted repetitions  

Don't lift your buttocks from the machine seat   
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Appendix 6  

Test protocol for 1 RM procedure  

Procedure  
1. Aerobic warm up 5 minutes                     

                             Warmup  
2. 40-‐60% of 1 RM 10 repetitions followed by 2 minutes rest            

                              Monark  
3. 60-‐80% of 1 RM 5 repetitions followed by 2 minutes rest            

                              Duration:  5:00  
4. 90% of 1 RM 3 repetitions followed by 3 minutes rest              RPM:       60  

                                     Resistance: 1.0Kp 
5. 1 RM followed by 5 minutes rest                    

                            

                             
Caliper    measurement  

      Measurement    1

      

Measurement    2  Measurement    3  Mean  

Site    1                          

Site    2                          

Site    3                          

Site    4                          

Site    5                          

Site    6                          

Participant:        Test    

manager:  
                  

Body    

weight:  
      Date:                    

                                    

Leg    

press  
Right  Left  Leg    

extension  
Right  Left  

10    

reps  
                              

5    

reps  
            5    

reps  
            

3    

reps      
            3    

reps      
            

1    

RM  
            1    

RM  
            

1    

RM  
            1    

RM  
            

1    

RM  
            1    

RM  
            

1    

RM  
            1    

RM  
            

1    

RM  
            1    

RM  
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Site    7                          

  

Thigh    circumstance      
Left  Right  
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Appendix 7  

Notes for body composition  

Participant:                                                                                        Date:  

Measuring

 

   point  

1  2  3  mean  comment  

Triceps   

     

 

     

 

     

 

     

Vertical   fold.   Measure   halfway   between   acromion   and   olecranon,  

 place   the   measuring   point   on   the   backside  

Shoulder 

(subscapular)  

 

     

 

     

 

     

 

     

Diagonal   fold.   Alongside   the   scapula,   ask   the   participant   to   place

their   arm   behind   their   back   in   order   to   see   the   scapula   line   m

ore   clearly 

The side 

(midaxilla.)  

 

     

 

     

 

     

 

     

Vertical   fold.   Trace   a   straight   line   from   the   distal   sternum   to   s

erratus   anterior.   Or straight down from the arm pit  

Hip   

     

 

     

 

     

 

     

Diagonal   fold.   Ask   participant   to   point   out   the   hip   bone   (crista   

iliaca),   measure   approx.   2,5 cm above the crista  

Stomach   

     

 

     

 

     

 

     

Horizontal   fold.   2,5   cm   to   the   right   from   the   participants   navel  

Chest   

     

 

     

 

     

 

     

Diagonal   fold.   For   men   halfway   between   the   nipple   and   armpit,  

 

for   women   one   third   of   the   length   between   the   same   spots,   cl

osest   to   the   armpit  

Thigh   

     

 

     

 

     

 

     

Vertical   fold.   Measure   halfway   between   hip   fold   and   superior   pa

tellae,   to   easier   find   the   hip   fold   ask   the   participant   to   raise   t

heir   leg 

Overall, all sites is measured on the right side of the body, all three measurements on the same 

site are taken directly after each other. Ask the participant to flex and relax prior to the 

measurement.   
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Appendix 8 

Information prior to 1RM testing. 

 

Hi! 

 

Here's some important information about tomorrow's test session at xx:xx hours 

 

You will be doing the following measurements: 

·         One-repetition maximum test leg press and leg extension 

·         Neuromuscular strength measurements at the BMC-laboratory. 

·         Caliper measurement (body composition) 

·         Circumference measurement of the thigh 

·         Body weight measurement 

We recommend that you follow the following recommendations before the test: 

·         We recommend you to wear shorts as we want to place measurement equipment on the 

front of the thigh and we recommend the women to wear a sporttop. 

·         We beg you not to use drink any beverages with coffein during the morning or after 

lunch if you are doing the test after lunch. 

·         We advise you not to wear any metal near the head (earrings etc). 

·         We beg you to be on time as we got quite a few tests to do. 

Please email or call us if you have any questions
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