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To improve strength, numerous methods have been suggested as alternatives to resistance 

training.  One method of interest is passive chronic stretching. The hypothesis was that chronic 

stretching will result in increase in muscle mass as compared to strength training and that chronic 
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eight weeks. MRI analysis was used to evaluate gastrocnemius muscle mass before and after 

training.  There were no differences in muscle mass pre and post training in the two groups.  

Chronic stretch did increase ankle passive dorsiflexion ROM.  It can be concluded that chronic 

stretch did not provide enough stimuli to induce muscle hypertrophy. 
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CHAPTER ONE 

Introduction 

 An estimated 250,000 persons are living with some type of spinal cord injury 

and/or disorder in the United States (13).  The 2000 Census Bureau estimated that there 

are 35 million people 65 years old or older, with 12% people of that population greater 

than 85 years old (32).  The common link between these two populations is that both 

groups suffer from muscle atrophy.  The muscular system is one of the most important 

systems in the human body.  Inadequate muscle mass, leads to decrease in movements of 

body parts, reduce communication via body movements, speech, writing, and perhaps 

most importantly, reduction in postural stability and balance (58). 

 Three problems are associated with muscle atrophy.  Two problems are disuse 

and aging.  Studies have shown that muscle mass reduction begins to decline starting at 

the age of 50, with an average of 1.9/1.1kg/decade for men and women, respectively (35, 

49).  Decline in muscle mass strength leads to postural instability and increases in fall and 

injury incidents.  Narici et al.., also suggested that not only a decrease in muscle mass 

among the elderly, there is also a decrease in single fiber specific tension, an increase in 

co-activation of antagonist muscles, and a decrease in motor unit activation capacity (49).  

All of these factors serve to further limit function and stability in the elderly. Gladys et al. 

experiment showed a correlation with postural imbalance with that of decrease muscle 

strength, activation, and tendon mechanical properties with age (51). 

 The third condition associated with muscle atrophy is unloading, commonly 

found in the spinal cord injury population.  Studies analyzing quadriceps muscle biopsies 

showed within six months of injury, cross sectional area is reduced by one-third (9).  
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Castro et al., examined muscle biopsies of spinal cord injury patients within six months 

of injury and concluded there was a 16% reduced in quadriceps cross sectional area (9). 

 One of the best ways to reverse muscle atrophy is through resistance training.  

Resistance training stimulates muscle fiber proliferation that will result in an increase in 

strength, muscle mass, and endurance.  Over recent years, numerous findings supported 

that the three modes of resistance training – eccentric, concentric, isometric training are 

effective in increasing muscle mass (1, 20, 36).  Adams et al. (1), compared muscle DNA 

and RNA synthesis in response to isometric, concentric, and eccentric contraction using 

electrical stimulation rat training model.  The result indicated that there was equal 

increase in muscle DNA and RNA across all three modes of resistance training mode and 

overall similar increases in muscle hypertrophy (1). Garma et al. compared three modes 

of resistance training in acute rat model training program using electrical stimulation to 

simulate resistance training and found that all three bouts showed similar increases in 

similar molecular responses (20).  Jones and Rutherford compared the three modes of 

resistance training during 12 weeks of training in able bodied college students.  It was 

also concluded that all three modes showed 11-15% increase in strength and 5 % increase 

muscle cross sectional area (36).  In 2007, Wernbom et al. perform an intensive review of 

literature of muscle adaptation responses to three modes of resistance training and 

concluded that equating frequency, weight, and intensity, all three modes of resistance 

training can effectively induced muscle hypertrophy (69). 

 Though resistance training is the preferred choice to increase and maintain muscle 

mass and strength, some population, e.g., sedentary, elderly, and spinal cord injured, lack 
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the capability to perform such actions. There have been numerous suggestions in 

overcoming this problem, including chronic stretch. 

 The American Academy of Orthopedic Manual Physical Therapy (AAOMPT) 

and American Physical Therapy Association (APTA) define chronic stretching as “ a 

clinical approach utilizing skilled, specific hands-on techniques, including but not limited 

to manipulation/mobilization, used by the physical therapist to diagnose and treat soft 

tissues and joint structures for the purposes of modulation of pain, increasing range of 

motion (ROM), inducing relaxation, improving contractile and non-contractile tissue 

repair, extensibility and/or stability, facilitating movement; and improving function” (65).  

As simply stated, using a mechanical stimulus, stretch, to increase muscle adaptation 

responses.   

Stretching has been used mainly for increasing range of motion (30, 31) and 

flexibility, particularly prior to an athletic event (18), however, more recently, researchers 

have observed that stretching can perhaps increase muscle mass (10, 11, 23, 25, 47, 66).  

Gomes et al., found that passively stretching the soleus of rat for one bout of thirty 

minutes of stretching  increased myoD mRNA concentration, which is part  myogenic 

regulator family that controls myogenesis, indicating upregulation of muscle synthesis 

(27).  Tatsumi et al. reported increases in satellite cells, muscle stem cells, in rats after 

twelve hours of chronic stretching (63).  Another study, using a rat model, demonstrated 

that either fast or slow chronic stretching bouts produced a 10% and 13% increase in 

muscle size, respectively (62). 

 However, the efficacy of a chronic stretch regimen to increase muscle mass has 

not been demonstrated conclusively for humans. The major aim of this study was to 
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determine if the use of a chronic stretching regimen by typical humans will induce similar 

muscle hypertrophy responses found in rats.  Another aim is to determine the efficacy of 

chronic stretch to increase muscle mass in compromised adults, by determining whether 

this program benefits able bodied adults.  

Specific Aims 

1. To examine muscle mass increase of the medial gastrocnemius to chronic stretch 

training. 

2. To determine muscle mass increase of the medial gastrocnemius due to chronic stretch 

is as effective as traditional resistance training. 

 

Hypotheses 

 Compared to pre-training, after eight weeks of training, 

1. Chronic stretching will result in an increase in gastrocnemius cross sectional area. 

2.  Plantar flexion resistance exercise will result in an increase in gastrocnemius cross 

sectional area. 

3. Chronic stretching will result in an increase in ankle dorsiflexion range of motion 

(ROM). 
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Significance of Study 

 Most of chronic stretching studies have been tested using rat model and it is 

unknown whether the same effects can been seen in human population.  This study will 

attempt to answer whether chronic stretch can be another training mode to cause muscle 

hypertrophy.  These findings will aid those populations who cannot perform traditional 

resistance exercises. 
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CHAPTER TWO 

REVIEW OF LITERATURE 

Resistance Training 

 Numerous studies have shown that an increase in strength and muscle size is due 

to functional overload to muscle groups (21, 46). Over the years, many studies have 

concluded that eccentric, concentric, or isometric resistance training will increase muscle 

size and strength. 

 In 1987, Jones and Rutherford showed similar gains in strength and muscle size 

among the three modes of training.  In the study, twelve healthy subjects were 

randomized into two groups: 1) isometric exercise only and 2) concentric exercise on one 

leg and eccentric exercise on the other and performed knee extensor exercises to compare 

muscle adaptation to either training mode.  The training sessions were performed 

3days/week for twelve weeks at 80% of 1RM.  All weight was equated to ensure each 

group was training at similar weight.  Quadriceps muscle cross sectional area (CSA) was 

scanned using computerized tomography (CT) pre and post training.  It was concluded 

that after twelve weeks of training, there was a 4-5% increase in CSA among each of the 

three bouts but no significant differences across the training bouts, indicating each mode 

had similar increases in muscle size (36).  

 In 2004, Adams et al. tested the hypothesis that each of the three modes of 

resistance training produced similar muscle hypertrophy responses with the use of a rat 

model.  The rats were given electrical stimulation to simulate muscle activation.  Muscle 

DNA and RNA concentrations along with medial gastrocnemius muscle mass were 

analyzed.  The rats were divided into three groups: isometric, concentric, and eccentric 
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contraction with one leg serving as the experimental limb and the other serving as the 

control limb.  Each of the rats was electrically stimulated every other day for four weeks.  

Electrical stimulation parameters were equated across all groups to ensure each group 

received similar doses. Results indicated that there were relatively similar increases in 

muscle mass among three groups – 11% eccentric only, 12% concentric only, and 14% 

isometric only.  Also, each of the groups showed similar increases in muscle DNA and 

RNA concentrations.  It was therefore suggested that given similar activation parameters, 

there were no differences in three modes of resistance training and that all three modes 

are sufficient in increasing muscle size (1). 

 In 2007, Wernbom et al. performed a systematic review of literature comparing 

the three resistance training modes to studies that measure changes to quadriceps cross 

sectional area with resistance training.  The research indicated that on average, training 3 

days/ week for 12 weeks, performing 5-6 sets of 10 repetitions of exercises on the 

quadriceps, resulting in  an average of 5.8% and 6.1% increase in CSA in eccentric only 

and concentric only exercises, respectively(5-7, 33, 34, 50, 52, 60, 61, 64, 69). It was also 

demonstrated that performing isometric only exercises, training 3days/week for 21 

weeks, CSA increased on average of 8.9% (19, 36, 38-40, 59, 69). The overall evidences 

indicated that either type of resistance training, given adequate intensity, frequency, and 

volume, is sufficient enough to increase muscle size. 

 

Stretching and Muscle Adaptation 

 Vandenburg and Kaufman was one of the first research teams showing that static 

stretch induces hypertrophic responses by mechanically stretching cultured chicken 
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skeletal muscle cells (68). Stretching is a mechanical stimulus that causes fiber 

lengthening, which stimulates contractile protein myofibril synthesis at the myotendinous 

junction (4).  It has been first suggested that the increase of fiber lengthening was due to 

the addition of serial sacromeres at myotendinous junction. Adding new sacromeres to 

existing myofibrils resulted in an adjustment of length tension curve (26). Several studies 

have shown that stretch is an important factor for the increase in new serial sacromeres 

(22, 29, 47, 70).  In 1964, Goldspink showed that stretching post-natal skeletal fibers led 

to the addition of sacromeres to existing ends of myofibrils (24).  Dix and Eisenberg 

analyzed passive stretching and muscle adaptation of tibialis anterior (TA) muscle using 

rabbit model.  The hind limb was placed in a cast to induce full plantar flexion stretch and 

muscle analysis was assessed on day 4 and day 6.  Overall, there was an in 130% and 

129% increase in TA muscle mass from day 4 and day 6 of stretching, respectively.  

Also, TA length was increased 111% and 118% in day 4 and day 6 stretching bouts (12).  

Dix and Eisenberg further indicated that there was in increase in the protein, vinculin – a 

major component of myofibril attachment to myotendinous junction, indicating the 

attachment of new fibrils.  They also observed greater concentration of T-tubules, 

sacroplasmic reticulum, Golgi apparatus, and sacromeres, all key components needed for 

muscle formation (12). Another study concluded that by stretching an adult rat soleus for 

40mins/days, 3 sessions/wk, led to increases in serial sarcomere and CSA (23). 

 

Stretching and Muscle Gene Expression 

 Since it has been demonstrated that the stretch causes fiber lengthening, it also has 

been demonstrated that stretch induces protein synthesis. In order to provide constant and 
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consistent force due to stretch, new muscle fibers must be synthesized. Goldspink et al. 

were one of the first to suggest that stretch increases protein synthesis and upregulated 

muscle gene transcription (25, 41).  Several pathways have been implicated that are 

responsible for myogenesis due to stretch.  One is myogenic regulatory factors (MRFs), 

which are a family of skeletal muscle specific transcription factors that control several 

muscle gene expression (28).  It is composed of four members:  myogenic differentiation 

(MyoD), myogenic factor 5, myogenin, and myogenic regulatory factor 4 (MRF4).  

MRFs assists in the establishment of myoblasts and myofibers (44, 57).  Several studies 

correlated upregulation of MRFs in stretch induced hypertrophy (8, 28, 42, 43). Gomes et 

al. found by passively stretching rat soleus one day for 30 minutes, there was an overall 

300% increase in MyoD mRNA expression (28).  

 Another pathway is mechano-growth factor (MGF).  MGF is an isoform of IGF-1 

found in the liver, and this isoform is only expressed in skeletal muscle in response to 

exercise or stretch (48, 71). MGF is responsible for local tissue repair, maintenance and 

remodeling of muscle.  Mckoy et al. compared MGF upregulation responses to three 

stimuli using rabbit model: stretch only, electrical stimulation only, and stretch + 

electrical stimulation.  The results implied that the stretch only group provided greater 

expression of MGF, and stretch + electrical stimulation group had greater expression of 

MGF compared to stretch only, while electrical stimulation only had no effect (47), 

further indicating that stretch is the stimulus for the upregulation of MGF.  Goldspink et 

al. compared MGF biological activity and local action on the TA muscle two weeks after 

injecting MGF cDNA directly into the muscle.  Results indicated that mRNA of MGF 
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was detected after mechanical stimulation of the muscle and mRNA of  MGF was still 

detected at resting levels (25). 

 Not only does stretch induce muscle gene expression, but it also has the capability 

to activate satellite cells.  Satellite cells are myogenic stems cells located between 

basement membrane and sarcolemma.  Tatsumi et al. (63) suggested that stretch caused 

activation of satellite cells through activation hepatic growth factor (HGF).  HGF 

increases activation of satellite cells and causes them to enter the muscle and stimulates 

new muscle fiber formation.  It is believed that HGF is activated by a mechanical 

stimulus.  Tatsumi used 9 mo. - old rat satellite cell cultures, stretched them in 12s 

intervals and analyzed them at 12, 24, and 36 hr. points. They found HGF activated 

satellite cells and also found HGF in abundance in extracellular matrices of muscle fibers 

(63). 

 

Stretching and Flexibility 

 The increase in range of motion of muscle is due to viscoelastic behavior of 

muscle.  One study suggests that passive stretching brings adaptive responses to the 

connective tissue around the myotendinous junction , allowing  the junction to become 

more compliant and more resistant to higher stress loads brought on by daily movement 

of life (17).  As previously stated, Dix and Eisenberg demonstrated that there were 

increases in contractile proteins, vinculin, talin, and α actin (attaches myofibrils to 

myotendinous junction) (12).  Several studies have indicated that passive stretching 

increases dorsiflexion range of motion.  Guissard et al. trained twelve women using the 

following exercises:  standing calf stretch only, standing calf stretch with foot on the 
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wall, sitting calf stretch, and standing calf stretch on steps.  Each training group 

performed a total of 30 stretch sessions at 10 minutes/stretch.  The results showed that 

compared to the first and last session, dorsiflexion increased  30% in all training groups 

(30).  Another study compared static passive stretching to ballistic stretching.  In this 

study subjects were randomized into three groups:  static stretch, ballistic stretch, and 

control group. The training study lasted 6 weeks, with stretch sessions lasting 20s.  The 

results indicated that both types of stretching increase dorsiflexion range of motion, with 

no differences between stretching groups, implying that both types of stretching 

techniques are capable of reducing muscle-tendon stiffness and increasing range of 

motion (45).  A systematic review of literature focusing on stretching to dorsiflexion 

range of motion was performed by Radford et al. in 2006.  The conclusion of this review 

was that on average, after performing static stretching for 15 minutes or less,  resulted in 

2.07° increase in dorsiflexion ROM, 15-30 minutes = 3.03° increase, and >30 minutes =  

2.49° increase in ROM (56). This suggests that an half an hour of stretching at the most, 

produced the most increase in dorsiflexion ROM. 

 

MRI Analysis 

 Magnetic resonance imaging (MRI) provides anatomic details of soft tissues such 

as muscle, tendon, cartilage, and organs (2).  MRI signals are generated using a powerful 

static magnetic field combined with varying magnetic fields and excitation of proton’s 

nuclei with radio frequency energy.  The radio frequency increases the energy state of the 

proton’s nuclei, which gives off a detectable signal once the radio frequency excitation is 

turned off and the proton nuclei relaxes back to its original energy state. (2).  There are 
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two forms of signal relaxation:  T1 and T2 relaxation. Adams et al., defined  T1 relaxation 

as the loss of energy to surrounding nuclei with similar frequencies and defines T2 

relaxation as the interaction  between excited nuclei and any other magnetic field with no 

transfer of energy (2).  In today’s imaging world, T1 relaxation imaging is used to 

highlight fat in a tissue, and T2 relaxation is used to highlight water (muscle) (2).   

Over the years, MRI has been used to analyze muscle adaptation responses to 

exercise.  Fisher et al. (14)  and Adams et al. (2) demonstrated the use of MRI analysis 

when performing a graded exercise assessment. It showed that with increased intensity 

there was increased in skeletal muscle contrast.  This increase in skeletal intensity in MRI 

was due to changes in water distribution in the skeletal muscle (3, 37). MRI, more 

importantly, showed which muscle groups were activated during the graded exercise 

assessment(2, 14).  In 1992, Adams et al. (2) compared electromyography (EMG) of 

muscle activation to T2 weighted imaging.  Seven participants performed five sets of 10 

repetitions of eccentric and concentric dumbbell curls at 40%, 60%, and 50% 1RM.  

EMG and MRI scans of triceps and biceps of arm were analyzed.  The results indicated 

that there was a relationship between EMG muscle activation and increase intensity of 

MRI scans in triceps and biceps of participants.  In 1995, Ploutz-Snyder et al. (54) tested 

the effect of skeletal muscle unloading use during resistance training. Seven participants 

had their lower leg suspended to produce the effect of unloading for five weeks.  After 

five weeks of unloading, each participants of 5 sets of 10 repetitions of concentric knee 

extension at 25, 40, 55, and 70% 1RM.  MRI scans quadriceps femoris muscle groups 

were taken pre and post training.  MR imaging showed greater contrast intensity in 
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trained quadriceps femoris muscle groups compared to pre training quadriceps.  This 

indicates that more of the muscle group was activated after five weeks of unloading.   

Another use of MRI is the calculation of muscle volume.  In prior years of muscle 

scanning, muscle size was calculated using CSA only and this was done on a specific part 

of the muscle, not the entire length of the muscle (67).   Recently, muscle volume 

calculation has become the standard for calculation muscle size.  Tracey et al. (67) have 

indicated that muscle volume is more accurate than CSA for it: 1) measures the whole 

length of the muscle and 2) is  a close estimation of physiological cross sectional area, 

which more closely association with maximal muscle force (15, 16, 55, 67).  In 1995, 

Ploutz-Snyder et al. (53) compared the effect of muscle volume to resistance training.  

Eight participants performed 6 sets of 10 repetitions of barbell squats until fatigue.  MR 

images of vastus lateralis, adductor, hamstring, rectus femoris muscles were collected pre 

and post training.   The results showed that there was a 9% and 5% increase in rectus 

femoris and hamstring muscle groups immediately after training, but no change in 

adductor, vastus lateralis muscle size (53). In summary, MRI has become a valuable and 

precise measurement tool to measure changes in muscle volume due to training, whether 

through resistance or aerobic exercise. 
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CHAPTER THREE  

THE INFLUENCE OF CHRONIC STRETCH ON THE GASTROCNEMIUS 

MUSCLES OF ABLE BODIED ADULTS1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Emma Walker and Kevin K. McCully.  To be submitted to Dynamic Medicine
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Abstract 

To improve strength, numerous methods have been suggested as alternatives to 

resistance training.  One method of interest is passive chronic stretching. The hypothesis was 

that chronic stretching will result in increase in muscle mass as compared to strength training 

and that chronic stretch will increase ankle dorsiflexion angle.  Two groups either stretch or 

strength trained for eight weeks. MRI analysis was used to evaluate gastrocnemius muscle 

mass before and after training.  There were no differences in muscle mass pre and post 

training in the two groups.  Chronic stretch did increase ankle passive dorsiflexion ROM.  It 

can be concluded that chronic stretch did not provide enough stimuli to induce muscle 

hypertrophy. 

 

 
INDEX WORDS: chronic stretch, gastrocnemius 

15 



Introduction 

 One of the best ways to reverse muscle atrophy is through resistance training.  Over 

recent years, numerous findings supported the efficacy in increasing muscle mass of three 

modes of resistance training – eccentric, concentric, isometric training (30).  Muscle 

hypertrophy through resistance training has been associated with increased physical function 

and reduced risk of health problems in a number of populations, including spinal cord 

injuries and the elderly. Mahoney et al. (19)  showed that after twelve weeks of  

neuromuscular electric stimulation – induced resistance training in spinal cord injured 

patients, there was a 35 and 39% increase in left and right quadriceps CSA and a decline in 

plasma glucose level, a strong indicator of diabetes mellitus.  Hunter et al. (14) meta analysis 

of the effects of resistance training concluded that resistance training increased muscle 

hypertrophy, thereby  increasing the ability to perform daily living activities. 

 Resistance training however, can be difficult to perform by some people with muscle 

atrophy, whether due to limited motor control through age, disease, or injury.  There have 

been numerous alternatives to resistance training suggested, including chronic stretch.  In this 

study, chronic stretch is defined as using a mechanical stimulus to increase muscle adaptation 

responses.  Stretching has been used mainly for increasing range of motion (12, 13).  More 

recently, researchers have observed that stretching can perhaps increase muscle mass in 

animal studies. (5, 6, 9, 10, 20, 29).  Gomes et al., found that passively stretching the soleus 

of rats for one thirty-minute bout, increased myoD mRNA concentration, which is part of the 

myogenic regulator family that controls myogenesis, indicating upregulation of muscle 

synthesis (11).  Tatsumi et al. (28) reported increases in satellite cells, muscle stem cells, in 

rats after twelve hours of chronic stretching.  Another study, using rat model, demonstrated 
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that either fast or slow chronic stretching bouts produced a 10% and 13% increase in muscle 

size, respectively (27). 

 To our knowledge, there has been limited research into muscle adaptation responses 

to chronic stretch for humans. The majority of stretching studies in the human population 

focused mainly on increasing flexibility. The overall evidence demonstrated that chronic 

stretch induced muscle hypertrophy utilized invasive animal models; therefore, the purpose 

of this study was to determine if chronic stretching would induce similar muscle hypertrophy 

responses in humans as previously reported for animals.  

 

Methods 

Participants 

Table 1 contains the physical characteristics of participants in each of the group.  Fourteen 

healthy males and females aged 18-22 years were recruited and randomized into two training 

groups: stretch training and strength training.  The study was conducted with the approval of 

the Institutional Review Board at the University of Georgia.  All subjects filled out health 

questionnaires and provided written consent to participate in the study.  All participants 

reported the absence of the following exclusion criteria for the study: 1) highly endurance 

trained or resistance trained, 2) orthopedic injury below the knee, 3) other musculoskeletal 

disorders, 4) psychological disorders including claustrophobia and 5), metal implants.   

 

Study Design 

Study design was an experimental pre-post design.  Participants were randomized into two 

training groups – stretch training or strength training.  Within each group, each of the 
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participants’ dominant and non-dominant legs was randomized into either control or 

experimental leg. 

 

Training Session 

The training period lasted eight weeks.  All participants had MRI before and after training 

period.  Each participant trained three days/week on nonconsecutive days. 

Stretch Training Group:  Each participant was placed in an upright position on a comfortable 

stretching mattress (Stretching Mattress ®, Orangeburg, NY).  Both legs were extended to 

180° (full extension).  A researcher placed the Night Splint® on the experimental leg and the 

device was secured properly.  Once the device was secured and the participant was 

comfortable, the Night Splint® was adjusted to the maximal stretch dorsiflexion position that 

the participant could tolerate. Once maximal dorsiflexion position was attained, the 

participants remained in the stretched position for thirty minutes.  The dorsiflexion position 

was increased in some subjects during the thirty minute session to insure maximal stretch 

position. 

Strength Group:  Each participant performed plantar flexion calf exercises using Life Fitness 

Horizontal Calf Machine®.  One-repetition maximum (1RM) was measured prior to start of 

training study.  Participants sat in an upright position with both legs extended 180° to ensure 

full knee extension.  The machine was adjusted to ensure full knee extension.  Once the 

adjustment was made, 1RM was determined on the experimental leg by the maximum 

amount of weight that the participant can lift while performing a 2s plantar flexion 

contraction of the experimental leg.  Once the weight has been set, the participant performed 
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three sets of 10 repetitions with one minute rest between each set using experimental leg 

only. 

 

MRI Analysis 

The volume of the calf muscles was determined using MRI collected with a 3T GE 

Scanner®.  The general approach was based on that of previous studies (1, 2, 16, 19, 23-25). 

MRI scans were done a day before training sessions and a day after the training session. The 

participant laid in supine position inside the magnet and a torso coil (40cm in diameter) 

placed over both legs with both legs extended 180°.  Both feet were secured with tape to 

ensure no movements took place while imaging was performed. A dielectric pad was placed 

over the legs to minimize distortion produced by the magnet.  To ensure the entire calf 

muscle was imaged, MRI scans started from the patella and ended at the talocrural joint 

(ankle).  The pulse sequence consisted of a T2-weighted fast spin echo sequence (30cm field 

of view; 20 slices; 1mm slice thickness; 10mm slice spacing; 3 NEX; 512 x 512 matrix; total 

scan time 8mins 10 seconds).  MR images were transferred to a computer for calculations of 

muscle CSA using modified version WinVessel (2.01) written by Ronald A. Meyer of 

Michigan State University.  A region of interest (ROI) was established for gastrocnemius by 

tracing around the image of the muscle. The CSA was calculated after spatial calibration.  

Muscle volume was calculated based upon the sum of CSA of 20 images multiplied by image 

slice thickness (0.1) and spacing between each image (1.0cm).  MRI analysis technique is a 

very tedious process that required excellent hand and eye coordination and the ability to 

recognized different muscle group of interest.  To ensure that MRI analysis was consistent, 

only one researcher performed all analysis of participant pre and post training images.  Each 
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image was analyzed three times to ensure consistently between measures. A representative 

MRI image of gastrocnemius muscles is shown in Figure 1. Figure 2 shows a histogram of 

muscle cross sectional area from all the images collected on both legs.   

 

Flexibility Measurement 

Stretch Group participants’ flexibility was assessed using goniometry measurement (21, 22).  

Briefly, participants were seated knee extended 180°.  The talocrural joint was allowed to 

hang over freely to ensure accurate measurements. The middle of talocrural joint was used 

bony landmark for goniometry measurement.  The center of the joint was marked, to ensure 

consistent measurements throughout training sessions, and used to place the goniometer with 

the field arm aligned with fibula and the movable arm aligned with the fifth metatarsal of the 

foot.  Once alignment was completed, researchers flexed the talocrural joint to the maximal 

amount of dorsiflexion tolerated by the participants.  Three measurements were taken and 

averaged.  Flexibility measurements were taken before and after each of the stretch training 

sessions. Flexibility was measured as the difference between neutral (90o) and the maximum 

tolerated dorsiflexion angle. 

 

Statistical Analysis 

All analysis was conducted using SPSS v. 15.0 for Windows (SPSS, Inc. Chicago, IL).  

Muscle volume was assessed using a 2x2 ANOVA to compare leg (experimental and control) 

time (pre and post training) for each stretch and strength groups.  Flexibility measurements 

were evaluated using a 2x2 ANOVA to compare session (before and after a stretch session) 
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and time (pre and post training). Interpretation of the analysis used statistical significance 

level of α < 0.05. All values were reported as means and (standard deviations).   

 

Results 

Compliance of training study for stretch and strength groups were 82% and 77%, 

respectively (see Table 1). Correlation of MRI analysis technique was performed to show 

consistent and precise analysis of images across groups, subjects, control and experimental 

legs and pre and post training and the results of the MRI correlation analysis are shown in 

figures 3-4.  Across the control leg, the reliability coefficient (R2) was 0 .957 and 

experimental leg, R2 was 0.872. 

Pre and post medial gastrocnemius volume of control and experimental data are 

presented in Table 2 and Figure 5. A 2x2 ANOVA compared stretch and strength training to 

muscle volume, with statistical analysis of stretch and strength groups are represented in 

Tables 3 and 4. In stretching group, there were no main effect of stretch training for muscle 

volume as a result of training, with a statistical value of  F(1,8) 2.53; p = 0.34. With a 

statistical value of F(1,8) 0.57; p = 0.47, there were no main effect of pre and post 

measurement due to stretch training.  In comparing an interaction effect between pre and post 

measurements and control and experimental leg, the results indicated that there were no 

interaction between time and limb with a statistical value of F(1,8) 0.94; p = 0.36. 

 In strength training, there was no main effect of resistance training to muscle volume 

with a statistical value of F(1,4) 1.09; p = 0.34. Statistical analysis of pre and post training 

due to strength training was F(1,4) 0.04; p= 0.86, indicating no main effect of pre and post 

training due to strength training.  In comparing an interaction effect between pre and post 
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measurements and control and experimental leg, the results indicated that there were no 

interaction between time and limb with a statistical value of F(1,4) 0.29; p = 0.62 due 

strength training.   

The statistical analysis and results for the flexibility tests are presented in Table 5 and 

6; respectively, and in Figure 6.  Maximum doriflexion angle was not different before and 

after a bout of stretching, but was different pre and post training for the stretch group. The 

2x2 ANOVA were F(1,8) = 3.57 p = 0.10, for an effect of acute stretch, and was F(1,8) 

107.1; p= 0.0001 for stretch training.. There was also no interaction effect between the acute 

effect of stretch and the training effect of stretch  F(1,8) 1.00; p= 0 .35. 

 

Discussion 

 The primary finding of this study is that there was no main effect of chronic stretch 

training to muscle mass in able bodied adults. This was not anticipated as previous studies, 

mostly in animal models, concluded that chronic stretch increases muscle mass (4, 11, 17, 

18).  It is not clear why we did not see a hypertrophy response to chronic stretch. Several 

possibilities exist: length of training programs, magnitude of stretch, length of stretch training 

session, and inclusion of moderate active populations.  One possibility is that the program 

was not long enough.  The length of the study was 8 weeks, which is relatively short 

compared to other training studies, which last on average 12 weeks for resistance training 

(15, 30). Another possibility is that we did not stretch the subjects enough.  The magnitude of 

the stretch was as much as the subjects said they could tolerate.  It is possible that greater 

stretch is necessary.  It was difficult to measure the approximate degree of stretch in the 

Night Splint® due to the configuration of the device, so magnitude of the stretch in the boot 
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is unknown. It is possible that we did not have the subjects stretch for long enough or often 

enough.  However, previous resistance training programs have been successful with equal or 

even fewer training sessions per week, and our 30 minute stretch should have been 

comparable to a calf resistance training program in terms of duration of stimulus.  It maybe 

that able bodied subjects show less responsiveness to stretch that previously atrophied 

individuals or muscles.  We did not monitor normal daily activity and therefore it may be 

possible that their normal activity program could have interacted in the ability to induce a 

hypertrophy response due to chronic stretching.  Further studies will be needed to clarify 

different findings.  

There was no main effect of resistance training to muscle volume.  This was not 

expected as the purpose of the strength group was to produce expected increases in muscle 

mass due to resistance training (30).  However, a potential reason for this negative finding 

was the level of resistance training.  The resistance training protocol had subjects train using 

50% of 1RM throughout the study.  Previous studies have reported training intensities from 

70% to 90% of 1RM (3, 15). The subjects in this study were moderately active and the level 

of resistance training may not have been sufficient to induce hypertrophy. 

While we did not find pre and post training differences in muscle mass, we did find a 

good agreement between our pre and post measurements within subjects.  This indicates that 

we were able to reproduce muscle volume measurements. 

Majority of the strength trained participants were moderately active it may be 

suggested that training at 50% 1RM would not have brought about adaptive muscle 

responses normally seen in resistance training, suggesting that they were training below their 
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normal intensity. Even through we had a strict screening process, it was difficult to get 

sedentary to light physical active participants on a college campus.  

 It is of interest to know that we found that the stretching program caused an increase 

in the maximum dorsiflexion angle This increase in angle was consistent with an increase in 

joint and/ or muscle flexibility  Previous studies have shown that chronic stretching (7, 8, 

26), although not performed as continuous as this study, can increase flexibility in a similar 

manner (26).  We did not see an effect of stretching on dorsiflexion angle pre and post 

session, although previous studies have suggested that this occurs (26).  While we did not see 

changes in muscle mass with stretching, the increase in flexibility suggests that our stretching 

program was influencing the muscle to some degree.  So while the muscles show plasticity to 

chronic stretch, it was not in terms of muscle hypertrophy. 

 The original number of participants prior to MRI scans, was 24, 10 dropped out due 

to scheduling conflicts, one with pregnancy, several non-related injuries prior to the start of 

the study, and one noncompliant participant.  Based upon statistical analysis program, the 

statistical number needed to detect a difference was 14 – 18 participants at effect size = 0.8, 

α = 0.05, power 0.7, so enough participants were tested.  Majority of the dropout occurred in 

the strength training group, which could have played a role in seeing no main effect in 

muscle volume for resistance training. Compliance for the study was extremely high, shown 

in Table 1, 82% and 77% in stretch and strength train group, respectively, which ruled out 

the notion that perhaps not enough training session were completed to see a change in muscle 

mass.    Another theory is that animals show greater muscle adaptation to a particular 

stimulus whether resistant training or chronic stretching, this is the reason why chronic 

stretching seems to work so well in the rat model experimentation. 
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  Based upon figures 4-5, reliability of each leg were extremely high, R2 of 0.96 and 

0.87 among control pre /post and experimental pre/post measurements. The correlation of 

experimental leg was lower, but this was due to some training effect, though not significantly 

found, among the two groups. 

 

Conclusions   

Our results showed that chronic stretch did not increase muscle mass over the eight 

weeks of training, nor did strength training.  These results did not support our hypothesis that 

chronic stretch might be used in place of resistance exercise to induce muscle hypertrophy.  

While a long duration study might be necessary, it is also possible that inactive subjects 

might be more sensitive to chronic stretch.  Future studies may include using active 

stretching to provide a greater adaptive response to muscle mass. 
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Group Height 
(cm) 

Mass 
(kg) 

Age 
(yr) 

Training 
Session 

Compliance 
(%) 

Stretch 168.7 (7.1) 143.3  (15.6) 22.6  (2.7) 81.9  (20.8) 
Strength 168.1 (15.0) 145.0  (37.3) 22.2  (2.8) 77.3  (19.2) 

Table 1:  Physical characteristics of N=9 stretch participants and N=5 of strength 
participants. Values are mean and (standard deviations). 
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Gastrocnemius (volume cm3) 

 Control Experimental 
Group Pre post %Δ Volume Pre Post %Δ Volume 
Stretch 144.2 

(44.7) 
140.0 
(41.9) 

-2.9 129.7 
(32.5) 

129.5 
(29.0) 

1.1 

Strength 146.5 
(48.6) 

146.1 
(53.6) 

-1.7 136.9 
(50.1) 

139.7 
(58.5) 

1.6 

Table 2:  Volume analysis of gastrocnemius of stretch participants and strength 
participants.  Volumes are mean and (standard deviations). 
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Stretch Group 
 Leg (Control vs. 

Experimental) 
Time (Pre 

Training vs. Post 
Training) 

Leg x Time 

F- value (1,8) 2.53 0.57 0.94 
p-value 0.15 0.47 0.36 

Effect size (η2) 0.24 0.06 0.11 
 Table 3:  Statistical analysis of stretch training group. 
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Strength Group 
 Leg (Control vs. 

Experimental) 
Time (Pre 

Training vs. Post 
Training) 

Leg x Time 

F- value (1,4) 1.09 0.04 0.29 
p-value 0.34 0.86 0.62 

Effect size (η2) 0.21 0.01 0.07 
Table 4.  Statistical analysis of stength training group. 
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Maximum Dorsiflexion Angle (Stretch Group Only) 
 Session (pre-

stretch vs. post- 
stretch) 

Time (Pre training 
vs. Post training) 

Session x Time 

F- value (1,8) 107.0 3.57 1.00 
p-value < 0.001 0.10 0.35 

Table 5:  Statistical analysis of maximum dorsiflexion angle of stretch training group 
only.

30 



 

Maximal Dorsiflexion Angle (Degree) 

 Pre Post 

First Training Session 8.4 (7.3) 9.3 (8.9) 

Last Training Session 34.5 (5.8) 37.0 (6.3) 

Table 6:  Dorsiflexion Flexibility Analysis of stretch participants.  
Degree measurements are means and (standard deviations). 
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Left Leg 
Right Leg 

 
Medial 
gastrocnemius 

Lateral 
gastrocnemius 

 
Figure 1: MRI scans of gastrocnemius muscle images of a right and left leg. The total 
volume of the medial gastrocnemius was calculated from medial gastrocnemius cross 
sectional area across 20 images. 
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 Figure 2:   This figure shows representative cross sectional area (CSA)  from the medial 
gastrocnemius muscles of one subject.  The total CSA was 226.0 cm2 the right gastrocnemius 
and 237.4 cm3 for the left gastrocnemius. 
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R2 = 0.9565

0

20

40

60

80

100

120

140

160

180

200

220

240

0 20 40 60 80 100 120 140 160 180 200 220 240

Pre Volume (cm^3)

Po
st

 V
ol

um
e 

(c
m

^3
)

Figure 3: Correlation analysis of MRI analysis of control leg measured before and after the 
training period.  
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R2 = 0.872
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Figure 4 Correlation analysis of muscle volumes of experimental leg before and after the 
training period.  
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Figure 5.  Muscle volumes in the stretch group and strength groups before and after the 
training period. No statistically significant differences were observed between groups, legs, 
and before and after the training period. Values are means plus standard deviations. 
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Figure 6.  Flexibility measurements of stretch group only comparing acute effect and training 
effect of stretching. Flexibility measured as the difference between neutral (90o) and the 
maximum tolerated joint angle was not different before and after a bout of stretching, but was 
different pre and post stretch training with a statistical value of F(1,8) 107.0; p <  .0001. 
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CHAPTER FOUR 
 

CLOSING REMARKS 
 
 
 Muscle mass plays an important role in everyday living- from assisting with 

transport, i.e. walking, biking, running, etc., to communication- speech, writing, body 

language.  Maintaining and/or increase muscle mass is an important factor for increasing 

quality of life.  One way to maintain or increase muscle mass is by resistance training. As 

people become older and/or those become severely injured, i.e. spinal cord injury, resistance 

training may not be an option.  We attempted to address this need by through the technique 

of  passive stretch.  Tentatively, our results indicate that there was no main effect of passive 

chronic stretching to increase muscle volume. It is possible that able bodied individuals are 

less tolerant to passive stretch than injured bodied but could have been more receptive to 

active stretching.  Another possibility is the stretching session was not long enough to induce 

a hypertrophy response.  It could be that passive stretching may not be a sufficient 

mechanism to overcome muscle atrophy. 

 Though we did not see induced hypertrophy response in the study, we did see an 

increase in dorsiflexion flexibility.  These results could have relevant implications in that in 

some populations increasing flexibility might be useful even if muscle did not increase in 

size. 

 Overall, I believe the study went well.  Recruitment of participants went extremely 

well, by using listservs. of various departments across campus, a total of 24 people were 

initially screen and approved for the study.  The study started after spring break and lasted to 

the first part of  the first session of summer school, many of those could not commit to the 

study.  Most of the dropout occurred in the strength group because many of the people 
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wanted to be in the stretch group.  Since my stretch group was my primary focus, strength 

group trained on their own.  It would have been  greatly appreciated that an assistant was 

assigned to monitor the strength training group, but given participants schedule, this would 

have been difficult on both parties.  Overall, all of my participants were extremely nice and 

honorable when it came to the study and compliance was high.   

 I was very pleased with MRI scans of the gastrocnemius given that  new MRI scanner 

was bought by the university within eight months of the study and also given the initial 

problems occurring with a new device, the scanner provided me with great images of the 

gastrocnemius.  I had no difficulty in analyzing my images. 

 Two problems I would like to address in future studies.  I would like to have the 

resistance  trained group exercising at a higher intensity of their 1RM.  The group in the 

study was training at 50% of 1RM, which is a low training rate.  The purpose of them 

training higher was to insure an increase in muscle mass between the two groups. 

Second problem about the study was the use of a Night Splint® to provide passive 

stretch to the participants.  Though, I personally tested the apparatus, along with several of 

my colleagues, I questioned whether it provided an enough stimulus to induce muscle 

hypertrophy. All participants in the stretch group commented that they did indeed felt that the 

apparatus was stretching them, I still have doubts.  In the future, if possible, I would to 

investigate whether there was upregulation of muscle gene transcription in response to stretch 

in human population. 
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