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ABSTRACT 

Skeletal muscle growth has historically been deemed a slow process. The primary 

purpose of this study was to examine the time course of adaptations in muscle thickness 

and activation, lean mass, strength, and vertical jump performance during four weeks of 

barbell squat and deadlift training in untrained women. A secondary aim was to 

determine if these responses differ for subjects performing low volume versus high 

volume training. Forty-seven untrained women (mean ± SD age = 21 ± 3 years; body 

mass = 63 ± 11 kg; height = 162 ± 7 cm) participated. Upon enrollment, the subjects were 

randomly assigned to one of three groups: 1) low volume training, 2) high volume 

training, and 3) control. Training for this study focused on barbell back squats and 

deadlifts. Each subject trained twice per week for four weeks. Testing occurred on six 

separate occasions (familiarization, pre, week 1, 2, 3, and 4). Statistical inferences were 

based on the results from 20 mixed factorial analyses of variance (ANOVAs) and effect 

sizes.  Although there was no significant group × time interaction, both training groups 

exhibited meaningful increases in the leg extensor peak torque values. EMG amplitude 

showed no significant changes over time or among groups. Significant increases in leg 

lean mass were demonstrated for both training groups. There was also a main effect for 

gynoid lean mass, with increases at weeks two and three. A main effect for time was also 

demonstrated for VL muscle thickness, and both training groups showed small-to-

moderate increases. Muscle thickness for the RF was not affected. There were no 

significant changes in vertical jump performance. Although the changes demonstrated 

could be considered small-to-moderate, these results showed evidence of muscular 

adaptations in women exposed to four weeks of barbell squat and deadlift training. 
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CHAPTER I 

INTRODUCTION 

Historically, researchers have considered skeletal muscle growth to be a slow, 

arduous process. Professional organizations such as the National Strength and 

Conditioning Association, as well as textbooks in the area of exercise physiology (23), 

teach practitioners that the initial adaptations associated with strength training in novices 

are predominated by neural factors (e.g., increases in maximal motor unit firing rates 

and/or alterations in motor cortex activity). For example, in chapter five of the Essentials 

of Strength Training and Conditioning textbook (2, pg. 99), Ratamess explains that, “As 

the duration of training increases ( > 10 weeks), muscle hypertrophy eventually occurs 

and contributes more than neural adaptations…”. Perhaps the most influential 

investigation to document neural adaptations associated with short-term training was 

carried out by Moritani and deVries (25), whose work has been cited over 1,000 times. 

These authors were the first to scientifically examine the time course of neural versus 

hypertrophic adaptations to strength training, and did so with the use of monopolar 

surface electromyography (EMG), skinfolds, and circumference measurements. The 

subjects visited the laboratory three times per week for eight weeks to perform dumbbell 

curls using moderate (~ 66% of the 1-repetition maximum [RM]) external loads. What 

was novel about their experimental procedures was the sophisticated analysis of the linear 

slope coefficient (µV/lbs.) for the EMG amplitude versus isometric force relationship 

over time. This procedure became known as the efficiency of electrical activity 

technique, and was used to quantify the percent of adaptation occurring from neural 

versus hypertrophic factors. When combined with their skinfold and circumference data, 
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Moritani and deVries (25) concluded that the initial improvement in muscular strength 

was due to neural factors, and that hypertrophy did not become evident until the latter 

stages of the investigation. While the novelty of their techniques was admirable, one 

could argue that expressing neural and hypertrophic changes into percentages and 

mutually exclusive categories is too simplistic because there is no physiological reason 

for why muscular growth would be required to “wait” for other adaptations to lessen. 

Furthermore, recent studies using advanced imaging (1, 3, 30, 36) and biochemical 

analyses (24) have provided greater insight into this topic, and indicate that both neural 

and muscular adaptations may occur at the onset of training in novices. Finally, the 

extrapolation of EMG data from studies using single-joint exercise to complex, multiple-

joint movements should be done with caution (4, 14).  

Although many studies have provided insight concerning the time course for 

muscular adaptations to strength training, four are particularly relevant (3, 13, 30, 31). 

First, Staron et al. (31) examined bi-weekly changes during the course of an eight-week 

training intervention that involved the squat, leg press, and leg extension exercises. What 

was particularly unique about this investigation was the authors’ analysis of the VL 

muscle fiber data via biopsy sampling (e.g., % fiber type, size, etc.), as well as a 

concerted effort to compare the response for men versus women. The primary findings 

were that strength training resulted in a gradual shift for the type IIx muscle fibers to the 

more oxidative type IIa, and that these responses were similar for men and women. 

However, there was no evidence to show that the percentage of muscle fiber types varied 

between the sexes within the VL. These results suggested that hypertrophic mechanisms 

may contribute, at least in part, to the early changes observed during a strength training 
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program. More recently, Seynnes et al. (30) used magnetic resonance imaging (MRI) and 

B-mode ultrasound to examine hypertrophy and architectural changes for individual 

quadriceps femoris muscles in response to 35 days of strength training. Their results 

indicated that significant improvements in MVC strength and fascicle length of the VL 

were evident after only ten days. By day 20, statistically significant increases were shown 

for EMG amplitude, as well as each of the MRI and ultrasound dependent variables. 

Similar results were reported by DeFreitas and colleagues (13). Using peripheral 

quantitative computed tomography, these authors showed statistically significant 

increases in thigh muscle cross-sectional area (CSA) after only two training sessions. The 

changes in muscle CSA of the thigh continued to increase each week. It was concluded 

that muscle hypertrophy was evident roughly three to four weeks into the training 

program. Lastly, Baroni et al. (3) analyzed the effects of an eccentric strength training 

protocol on muscle thickness, pennation angle, and fascicle length of the RF and VL 

muscles. They found that there were significant increases in muscle thickness and 

fascicle length after only four weeks of eccentric leg extensor training on an isokinetic 

dynamometer. Collectively, the results from these four studies (3, 13, 30, 31) indicate that 

changes in muscle growth may occur within just a few weeks of starting a strength 

training program. 

Technological developments in ultrasound recording have allowed researchers to 

study the intricacies of muscle architecture in humans (36). Muscle imaging is a booming 

area of research, and a variety of questions that are of interest to the strength and 

conditioning professional have yet to be examined. Adaptations in muscle CSA, fascicle 

length and angle, pennation angle, and muscle thickness are just some of the variables 
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that detailed imaging studies allow researchers to assess. Ultrasound measurements in 

humans aged 0-70 years were used to demonstrate that pennation angle of the 

gastrocnemius medialis increases as a function of age (7). Similarly, Kawakami and 

colleagues (19) demonstrated significantly greater pennation angle and muscle thickness 

for the triceps brachii in bodybuilders versus untrained controls. Collectively, there is 

sufficient evidence to suggest that growth, development, and exercise influence not only 

the size of individual muscle fibers, but also their geometric orientation with respect to 

other fibers, tendons, and fascicles. However, the existing literature concerning geometric 

adaptations of skeletal muscle following strength training is relatively scarce, particularly 

for issues concerning strength training with barbells in women. Improved understanding 

of the effects of different strength training approaches on physiological and performance 

adaptations in women may help elucidate the most appropriate and efficient training 

strategies aimed at enhancing these positive responses in this understudied population. 

The purposes and hypotheses of this investigation were as follows: 

Purpose #1 

To examine the time course for short-term adaptations in muscle morphology, as 

assessed by ultrasound and DEXA, during four weeks of barbell squat and deadlift 

training in previously untrained women. 

Hypothesis #1 

It was hypothesized that significant increases in muscle thickness for the VL and RF 

would be demonstrated within the first four weeks of strength training. It was further 

hypothesized that increases in total and regional lean mass will mirror those shown via 

ultrasound measurements. 

Purposes/Hypotheses 
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Purpose #2 

To examine weekly adaptations in MVC strength, muscle activation (as assessed 

with surface EMG), and countermovement jump performance as a result of the barbell 

squat and deadlift training, in previously untrained women. 

Hypothesis #2 

It was hypothesized that barbell squat and deadlift training would elicit significant 

improvements in each of these variables, and that these changes would be evident within 

the first two weeks of training. 

Purpose #3 

To compare the previously described adaptations among subjects that train with 

low volume versus high volume strength training protocols.   

Hypothesis #3 

It was hypothesized that the women who partake in high volume training will 

demonstrate greater changes than those in the low volume training group. 
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CHAPTER II 

REVIEW OF LITERATURE 

Moritani and deVries (1979) 

The purpose of this investigation was to examine the time course of change in 

strength development with regard to the influence of hypertrophic versus neural factors. 

Seven men and eight women (age range = 17-26 years) volunteered to participate in this 

study. The subjects visited the laboratory three times per week for eight weeks to 

complete strength training. The training program consisted of dumbbell curls using 

moderate (~66% of the 1RM) external loads. Each subject’s maximal strength was 

assessed every two weeks, and the external load used in training was adjusted 

accordingly. All testing for this study involved isometric contractions of the forearm 

flexors, and occurred every two weeks. For each testing session, the subjects performed 

isometric contractions at various submaximal force levels, and EMG signals were 

assessed for the biceps brachii muscle. By doing so, the authors were able to examine the 

linear slope coefficient of the EMG amplitude versus force relationship, which provided 

an estimate of the contributions of neural versus hypertrophic changes. This analysis 

became known as the “efficiency of electrical activity” technique. Muscle CSA of the 

forearm flexors was estimated via skinfold and circumference measurements. Following 

training, there was a significant increase in strength, muscle CSA, and electrical activity 

for the forearm flexors. The authors concluded that the early increases in muscular 

strength were due primarily to neural factors (e.g., increased motor unit synchronization, 

decreased antagonist activity, changes in motor unit firing rates, etc.), with hypertrophy 

becoming more evident three to five weeks into the training program. 



Texas Tech University, Kendra Olinghouse, May 2015 

7 

Narici et al. (1989) 

The purpose of this study was to examine the time course of change in neural 

activation, muscle CSA, and force of the quadriceps during a strength training program. 

Four untrained men (mean ± SD age = 28 ± 5 years) volunteered to participate in this 

investigation. Subjects visited the laboratory four times per week for 60 days. With their 

dominant leg, each subject performed six sets of ten maximal isokinetic leg extensions on 

an isokinetic dynamometer at 120 degrees/second. At baseline and on every 20
th
 day of 

strength training, neural activation and strength were assessed as follows: 1) muscle CSA 

of the quadriceps were assessed using MRI, 2) torque and force were measured by 

performing MVCs of the leg extensors, and 3) neural activation of the VL was recorded 

by EMG. A paired samples t-test was utilized to examine differences at baseline, 20, 40, 

and 60 days. Significant increases were found for muscle CSA, isometric MVC strength, 

and neural activation following the training program. The significant increases are as 

follows: muscle CSA = 8.5; MVC = 20.8; and EMG = 42.4 %. In conclusion, this 

investigation demonstrated that strength training the quadriceps via isokinetic leg 

extensions for 60 days significantly increased force, muscle CSA, and neural activation. 

Kawakami, Abe, and Fukunaga (1993) 

The purpose of this study was to examine the relationship between muscle 

thickness and pennation angle of the triceps brachii in bodybuilders, moderately active 

individuals and untrained subjects. A total of 32 healthy men (mean ± SD age = 23 ± 5 

years) participated in this investigation. Muscle thickness and pennation angle of the 

triceps brachii were measured using ultrasound. One cross-sectional segment was taken at 

a site about halfway from the acromion process of the scapula to the lateral epicondyle. 
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Portions of the medial and long heads of the triceps brachii were measured. An 

independent samples t-test was used to examine the differences in pennation angle and 

muscle thickness between subjects. The results revealed that bodybuilders had 

significantly greater muscle thickness than the untrained subjects (46 ± 18 versus 26 ± 

11mm, respectively). The bodybuilders’ muscle fibers were organized in a curvilinear 

fashion and revealed steep fiber angles. However, the untrained subjects’ muscle fibers 

were arranged linearly with standard angles.  Furthermore, the bodybuilders had greater 

pennation angles than the untrained subjects (33 ± 16 versus 15 ± 6 for the long head and 

19 ± 8 versus 11 ± 5º for the medial head, respectively). The findings of this study 

indicated that a positive, linear relationship exists between muscle thickness and fiber 

pennation angle for the triceps brachii (r = 0.884 for the long head, r = 0.833 for the 

medial head). In conclusion, the results from this investigation indirectly suggested that 

prolonged strength training may influence not only the size of muscle fibers, but also 

their geometric orientation. 

Staron et al. (1994) 

The purpose of this study was to examine bi-weekly muscular adaptations during 

an eight-week lower-body strength training program in men and women. Thirty-three 

previously untrained men and women (mean ± SD age = 24 ± 3 and 21 ± 2, respectively) 

participated in this study, and the subjects were divided into either the training (men, n = 

13; women, n = 8) or control (men, n = 7; women, n = 5) group. The subjects in the 

training group performed three sets of the back squat, leg press, and leg extension twice 

per week. For each training session, the external load was progressively increased to 

maintain three sets to volitional failure for either six to eight repetitions (Mondays), or 
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ten to twelve repetitions (Fridays). For each exercise, approximately two minutes of rest 

was permitted between each set. Every other Wednesday, each subject’s 1RM for the 

three exercises was assessed. Three-site skinfold and thigh circumference measurements 

were taken at baseline and every two weeks (i.e., pre, three, five, seven, and nine weeks). 

Muscle biopsy samples from the VL were obtained at baseline and every two weeks 

throughout the eight-week strength training program. Light microscopy and myofibrillar 

adenosine triphosphate analyses were used to examine muscle fiber type percentages (I, 

Ic, IIac, IIa, IIab, and IIx), number, and CSA. A two-way repeated measures ANOVA 

was utilized to examine the changes in muscle fiber CSA. A multivariate analysis of 

variance (MANOVA) was used to investigate the percentage of each muscle fiber type. 

There was a steady increase in muscle CSA for all three of the major muscle fibers (i.e., 

type I, IIa, and IIx) for all of the training subjects. According to the fiber type analysis, a 

significant decrease was found across time for the percentage of type IIx fibers for both 

the training women and men (21.4 to 7.9 and 20.7 to 9.5%, respectively). Furthermore, a 

significant increase was found for the percentage of type I muscle fibers for the women in 

the training group after only four weeks (38.8 to 47.6%). Interestingly, this increase was 

temporary and decreased to nonsignificant levels after six weeks. The results of this study 

showed no statistically significant changes for any of the anthropometric measurements 

(mass, fat-free mass, percent body-fat, or girth). After four weeks, there was a statistically 

significant increase in 1RM strength for the men for all three exercises. In contrast, the 

women showed a significant increase in 1RM leg press strength after only two weeks of 

training. The women also demonstrated significant improvements in the back squat and 

leg extension 1RM strength following four weeks of training. Initially, relative (1RM/fat-
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free mass) strength in women for the back squat, leg press, and leg extension were as 

follows: 68, 77, and 67%. At the conclusion of the study, the values increased to 88, 107, 

and 89%, respectively. The primary finding of this investigation was that strength 

training resulted in a gradual shift for the type IIx muscle fibers to the more oxidative 

type IIa, and these responses were similar for men and women. Furthermore, these results 

suggested that the early changes during a strength training program may be controlled by 

both neural and hypertrophic mechanisms, and these adaptations are not mutually 

exclusive. 

Ostrowski et al. (1997) 

The primary purpose of this study was to examine the influence of training 

volume on muscle size and function. A total of 27 men (mean ± SD age = 23 ± 5 years) 

volunteered to participate in this investigation. Each subject visited the laboratory four 

times per week for ten weeks. The subjects were randomly divided into three different 

training groups: 1) high, 2) moderate, and 3) low volume. The subjects were tested before 

and after the strength training program for muscle power, strength, and hypertrophy. 

Ultrasound was utilized to measure the circumference and CSA of the RF. To assess 

lower-and upper-body strength, 1RM barbell back squat and the bench press tests were 

performed, respectively. Moreover, to assess peak power, bench press throw and vertical 

jumps were performed on a Plyometric Power System. All three groups completed the 

same exercises listed above, plus accessory exercises, such as back squats, leg press, leg 

extension, Romanian deadlifts, leg curls, bench press, incline/decline bench press, 

shoulder press, upright row, lateral raise, lat/t-bar pull down, calf raise, barbell/preacher 

curls, and triceps pushdown/extension. However, the only difference among the training 
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protocols was the volume (i.e., low = 3, moderate = 6, and high = 9 sets per muscle group 

per week). A repeated measures MANOVA followed by a Scheffe post hoc comparison 

was used to examine the differences. Following ten weeks of training, there was a 

significant increase in muscle CSA for the RF for all three groups. The changes were as 

follows: low volume = 930 to 993; moderate volume = 940 to 987; high volume = 860 to 

973 mm². Furthermore, strength and power significantly increased for all three groups for 

the 1RM squat and the bench press throw. The results of this study indicated that a low, 

moderate, or high volume strength training program increased muscle CSA, strength, and 

power. 

Kanehisa Ikegawa, & Fukunaga (1998) 

The primary purpose of this study was to compare the quantitative differences in 

muscle CSA, fat-free mass, bone density, and body mass between untrained individuals 

and Olympic weightlifters. Fifty-six Olympic weight lifters from the university 

intercollegiate sports program (mean ± SD age = 20 ± 1 years) and 28 untrained men 

(mean ± SD age = 21 ± 1 years) volunteered for this investigation.  Data collection on all 

subjects took about five to six weeks. Each subject participated in underwater weighing 

to determine body density. Furthermore, a cross-sectional image of all subjects’ upper 

arm, right forearm, lower leg, and thigh was taken using ultrasound. The muscles 

examined in this study were the biceps femoris (BF), adductor magnus, gracilis, 

semitendinosus, semimembranosus, and sartorius. A one-way ANOVA was used to 

examine significant differences between the groups. Furthermore, an analysis of 

covariance (ANCOVA) was used to examine the differences in muscle CSA between the 

groups. The fat-free mass, muscle CSA, bone density, and body mass for the Olympic 
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weightlifters were significantly greater than for the untrained individuals.  The findings 

of this study indicated that there was a positive correlation between prolonged exposure 

to Olympic weightlifting and greater bone mass and muscle CSA. 

Aagaard et al. (2001) 

The purpose of this study was to examine the effects of a heavy strength training 

program on muscle CSA, pennation angle, and strength for the VL.  Eleven untrained 

men (mean ± SD age = 27 ± 5 years) volunteered to participate in this study. Each subject 

visited the laboratory for strength training 38 times over fourteen weeks. The subjects 

performed the leg press, hack squats, leg extensions, hamstring curls, and calf raises. 

During the first four sessions, subjects lifted external loads that corresponded to their 10-

12RM. The next 30 sessions involved training loads that corresponded to their 3-10RM, 

and the last four sessions corresponded to their 4-6RM. Pennation angle of the VL was 

measured using ultrasound and muscle fiber CSA was examined by needle biopsy 

sampling.  The Friedman two-way ANOVA was utilized to examine the changes in 

muscle fiber area and composition. Moreover, the Wilcoxon signed rank test for paired 

samples was used to evaluate changes in muscle strength and pennation angle for the VL. 

Following fourteen weeks of strength training there was a significant increase in 

pennation angle, whole muscle CSA and volume, muscle fiber CSA, and maximal 

strength in the VL. The changes were as follows: pennation angle = 8 to 10.7 º; whole 

muscle CSA and volume = 77.5 to 85 cm² and 1676 to 1841 cm³, respectively; muscle 

fiber CSA = 3754 to 4238 µm²; and maximal strength = 282.6 to 327.0 Nm. In 

conclusion, the results of this study indicated that a fourteen-week heavy strength training 

program can promote increases in muscle architecture, size, and strength. 



Texas Tech University, Kendra Olinghouse, May 2015 

13 

Campos et al. (2002) 

The purpose of this investigation was to compare the effects of three different 

strength training programs on muscular adaptations of the VL.  Thirty-two healthy men 

(mean ± SD age = 23 ± 6 years) volunteered to participate in this study. All subjects were 

randomly divided into four different groups: 1) low repetition = three to five (n = 9), 2) 

intermediate repetition = nine to eleven (n = 11), 3) high repetition = 20 to 28 repetitions 

(n = 7), and 4) control (n = 5). The training subjects visited the laboratory two to three 

days per week for eight weeks to perform the leg press, back squat, and leg extension 

exercises. Muscle biopsy samples were obtained from the VL at the beginning and end of 

this investigation.  Fiber type and muscle CSA were then determined from the biopsy 

samples. Two-way repeated measures ANOVAs were used to analyze the data. There 

was a significant increase in maximal dynamic strength of all three exercises, for all three 

training groups. There was a significant decrease of type IIx muscle fibers and a 

significant increase in type IIax muscle fibers for all training groups. Muscle CSA for all 

of the three major muscle fiber types (i.e., type I, IIx, and IIa) were significantly greater 

in the intermediate and low repetition groups. The results of this study indicated that an 

eight-week strength training program consisting of low and intermediate repetitions 

increased muscle CSA. Furthermore, this study demonstrated a significant conversion of 

type IIx to type IIa muscle fibers. 

Blazevich et al. (2003) 

The primary aim of this investigation was to examine the adaptations in muscle 

size, architecture, strength, and sprint/jump performance succeeding a five-week strength 

training program. Twenty-three competitive athletes (both men and women) volunteered 
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to participate in this study (mean ± SD age = 22 ± 2 years). The investigation began by 

having all of the subjects complete four weeks of familiarization. Following the 

familiarization phase, the subjects were divided into three different groups: 1) squat (n = 

8), 2) forward hack squat (n = 7), and 3) sprint/jump (n = 8). All three groups visited the 

laboratory for training four times per week for five weeks. The squat group completed 

strength training twice per week, and performed the barbell back squat. The first session 

of the week was a heavy day (85-90% of their 6RM), while the second training session 

involved light loads (30-50% of their isometric maximum) with three minutes of rest 

allowed between each set. Additionally, the back squat group also completed accessory 

exercises such as back extensions, leg curls, and the standing calf raise. The forward hack 

squat group completed unilateral forward hack squats with both legs for three sets of six 

repetitions using external loads that corresponded to the 6RM. The sprint/jump group did 

not perform any strength training, but instead completed several sprint and jumping tests 

four times per week, with one rest day separating the sessions. Ultrasound images were 

obtained before and after the five-week training programs. Fascicle angle, fascicle length, 

and muscle thickness estimates were gathered from the RF and VL muscles. A repeated 

measures MANOVA was utilized to track changes in muscle thickness, fascicle length, 

fascicle angle, and muscle strength. Additionally, a one-way ANOVA was used to 

analyze the muscle architecture data. First, for fascicle angle, a significant decrease was 

found at the distal part of the VL for the sprint/jump group. For the distal part of the RF 

muscle there was a significant increase in fascicle angle for the forward hack squat group. 

A progressive increase in fascicle angle was apparent in the squat and forward hack squat 

groups for the VL. Second, a mean decrease of 51.6 mm in fascicle length was found in 
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the distal part of the VL for the sprint/jump group. Additionally, a mean increase for 

fascicle length of 41.6 mm was found for the proximal part of the RF for the sprint/jump 

group. There was a mean increase in fascicle length for the RF at both sites for all groups, 

but these changes were only statistically significant for the squat group. Lastly, 

significant increases in muscle thickness were demonstrated for the proximal aspects of 

both muscles for all three training groups. In conclusion, this study found that short-term 

participation in a strength training program could be linked to significant increases in 

muscle architecture and size. 

Martel et al. (2006) 

The purpose of this investigation was to assess strength, skeletal muscle fiber 

CSA, and fiber type percentage following a lower body strength training program among 

young and old men and women. Twenty-two young men and women (20 to 30 years of 

age) and eighteen old men and women (65 to 75 years of age) participated in this study. 

Bilateral leg extensor 1RM strength testing was conducted at the beginning and at the 

conclusion of the study. The strength training program was nine weeks in duration. The 

subjects trained three days per week and performed five sets of unilateral leg extensions, 

using external loads that corresponded to the 5RM. The dominant leg of each subject 

served as the training leg, while the non-dominant leg served as the control. Muscle 

biopsy samples from the VL were obtained one week prior to baseline strength testing 

and 24 to 48 hours following the final training session.  A repeated measures ANOVA 

was utilized to assess the effect of the strength training on the muscle fiber CSA and 

percentage. In addition, Tukey post hoc tests were implemented to find the differences 

that existed among the groups. There was a significant increase in 1RM strength for the 
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trained leg for all groups. The percentages of the increase in strength for the trained leg 

were as follows: 31 for young men, 39 for young women, 27 for old men, and 29% in old 

women. There was a significant increase and decrease in the percentage of type I and 

type IIx muscle fibers, respectively, for the trained leg for the young women. A 

significant increase was found in type I muscle fiber CSA for young men and women. 

Additionally, a significant increase was found in type IIa muscle fiber CSA in old men, 

young men, and young women. Lastly, a significant increase was found in type IIx 

muscle fiber CSA in young men and old women. The primary finding was that strength 

training caused a gradual shift for the percentage of type I muscle fibers to type IIa, and 

these responses were equivalent for all groups. Furthermore, these results indicated that 

muscle fiber hypertrophic responses were comparable for both sexes and age groups, 

suggesting that lower-body strength training may reduce the risk of complications 

associated with age-related muscle loss. 

Seynnes et al. (2007) 

The purpose of this study was to measure the initial changes in muscular 

adaptations throughout a 35 day high-intensity strength training program. Thirteen 

recreationally active subjects volunteered for the study. All subjects were assigned to 

either the training group or the control group. The training group consisted of five men 

and two women (mean ± SD age = 20 ± 2 years) and the control group consisted of six 

men (age = 22 ± 3 years). The training group performed bilateral leg extensions three 

times each week on a gravity independent flywheel ergometer. All subjects were tested a 

total of four times (i.e., pre, 10, 20, and 35 days). During each testing session, isometric 

MVC leg extension strength was measured with an isokinetic dynamometer. During each 
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MVC, activity of the VL and BF was recorded using EMG. In addition, muscle 

architecture (pennation angle and fascicle length) of the VL was examined using real-

time B-mode ultrasonography, and MRI was utilized to measure muscle CSA for the VL, 

RF, vastus medialis (VM), and the vastus intermedius (VI). To examine the changes 

across time for the training group, one-way repeated measures ANOVAs were utilized. 

Paired samples t-tests were used to examine the pretest-posttest changes between muscle 

CSA at various sites. The results indicated that a significant increase in leg extensor 

MVC strength occurred for the training group after ten days, and at the conclusion of the 

strength training program (38.9 ± 5.7%). EMG amplitude for the VL for the training 

group continually increased following ten and twenty days (29.8 ± 7.0 and 34.8 ± 4.7%, 

respectively). The length of the fascicles in the VL muscle increased after ten days, as 

well as at the end of the training program (2.4 ± 0.7 and 9.9 ± 1.2%, respectively). 

Pennation angle followed a similar trend (7.7 ± 1.3% increase after 35 days of the 

strength training program). After twenty days of training there was a significant increase 

in muscle hypertrophy of the quadriceps muscles (6.5 ± 1.1 distally and 7.4 ± 0.8% 

proximally). After twenty days, and at the end of the strength training program, the VL 

showed a significant increase in muscle CSA (9.0 ± 3.7 and 13.9 ± 3.1%, respectively). 

After 35 days the VM and VI showed a significant increase in muscle CSA by 6.0 ± 1.9 

and 5.5 ± 1.9%, respectively. The increase in muscle CSA for the RF was significant 

following twenty days (7.4 ± 2.7%) and by the end of the strength training program (11.4 

± 5.0%). These findings demonstrated that muscle size and strength increased after only 

twenty days of strength training. 
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Vissing et al. (2008) 

The purpose of this investigation was to examine the effects of a strength versus 

plyometric training program on force production, power, muscle CSA, and muscle fiber 

CSA. Fifteen untrained men (mean ± SD age = 25 ± 4 years) volunteered to participate in 

this study. The subjects were randomized into one of two groups: progressive 

conventional strength training or plyometric training. Each subject visited the laboratory 

36 times over twelve weeks. The strength training group performed three to five sets of 

four to twelve repetitions of the leg press, leg extension, and hamstring curls. The 

plyometric group performed countermovement jumps, hurdle jumps, and drop jumps. 

Strength and power were assessed pre and post for both groups via 1RM leg press, 1RM 

leg flexion, 3RM countermovement jumping, and ballistic leg press. Muscle CSA was 

obtained from three compartments using MRI: 1) quadriceps, 2) hamstrings, and 3) 

adductors. Furthermore, muscle biopsies were obtained from the VL for further analysis 

of individual muscle fibers. Two-way repeated measures ANOVAs were used to analyze 

all of the data. Both the strength training and plyometric group significantly increased 

their strength for the 1RM leg press, 3RM leg extension, and 1RM hamstring curls. The 

plyometric group significantly increased power, whereas the strength training group 

demonstrated no change. Muscle CSA was significantly increased for both groups for the 

quadriceps, hamstring, and adductor compartments. Additionally, a significant increase 

was found in type I and type IIa muscle fiber CSA for the strength training group. A 

significant decrease was found in the type IIx muscle fiber CSA for the strength training 

group. In conclusion, this investigation indicated that a twelve-week strength training 



Texas Tech University, Kendra Olinghouse, May 2015 

19 

program is superior to plyometric training for increasing muscle CSA, fiber CSA, and 

strength of the quadriceps. 

Kok, Hamer, and Bishop (2009) 

This investigation compared linear versus nonlinear periodization programs on 

strength-related outcomes. Twenty recreationally active women (mean ± SD age = 20 ± 2 

years) volunteered to participate in this study. The training schedule consisted of a 

familiarization session (four sessions), a pre-training conditioning session (lasting three 

weeks), and three training phases (each lasting three weeks). Forty-eight hours of rest 

was allotted between each session. Following the pre-training period, all subjects were 

divided into either the linear or nonlinear groups according to their back squat index 

(1RM back squat/mass). The nine-week training protocol then commenced, with both 

groups visiting the laboratory three times per week (Monday, Wednesday, and Friday) for 

no more than an hour. The main focus of this training program was the back squat and 

bench press. Loads for both of these exercises were based on each subject’s 1RM. Height 

and weight was established for each subject by means of a stadiometer and electronic 

weighing scale. Additionally, skinfolds of the right triceps, superillium, and thigh were 

obtained for each subject. Maximal strength was assessed on a Plyometric Power System, 

where the women established their 1RM back squat, 1RM bench press, bench press throw 

and countermovement jump. Ultrasound was utilized to observe the changes in muscle 

CSA of the RF muscle at the conclusion of every three weeks. A mixed factorial 

ANOVA was utilized to compare within-group and between-group variables. The results 

from a one-way repeated-measures ANOVA indicated that the linear periodization 

training group significantly increased their muscle CSA within the first three weeks of 
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training. Muscle CSA of the RF increased from 5.54 ± 0.65 (baseline) to 6.02 ±0.67 cm² 

(nine weeks) for the linear periodization group (p ≤ .05).  Furthermore, muscle CSA of 

the RF in the nonlinear periodization group significantly increased from 5.01 ± 1.01 

(baseline) to 5.75 ± 1.05 cm² (nine weeks). Lastly, there was a significant increase found 

in maximal strength following both linear and nonlinear periodization protocols.  In 

conclusion, both the linear and nonlinear training programs were successful in provoking 

muscle hypertrophy in the leg muscles. 

DeFreitas et al. (2011) 

The purpose of this investigation was to examine the time course for changes in 

skeletal muscle hypertrophy during an eight-week strength training program. Twenty-five 

previously untrained men (mean ± SD age = 22 ± 4 years) participated in the study. 

There was no control group for this investigation; all men were placed into one training 

group. Two pre-testing visits were required, one for familiarization and one for 

determination of the 1RM for each exercise. The external loads used for each training 

session were based on 80% of the 1RM, and additional weight was progressively added 

throughout the course of the investigation. Each subject visited the laboratory a total of 

twenty-six times, and the study consisted of ten testing sessions and twenty-four training 

sessions (i.e., approximately three visits per week). The subjects were allotted 48 hours of 

rest between each training session, and were required to visit the laboratory at the same 

time for each session (± 1 hour). All of the subjects performed three sets to failure for the 

leg extension, leg press, and bench press exercises. Two minutes of rest was permitted 

between each set. The training load was modified according to each set performed so that 

the subject would reach volitional failure between eight and twelve repetitions.  Thigh 
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muscle CSA was measured using peripheral quantitative computed tomography each 

week throughout the course of the study. In addition, unilateral, isometric MVC strength 

of the dominant leg extensors was assessed during each of the data collection sessions. 

The CSA and isometric MVC data were analyzed by means of two separate one-way 

repeated measures analyses of variance (ANOVAs). The results indicated that there was a 

significant increase in thigh muscle CSA after only two training sessions. The changes in 

muscle CSA of the thigh continued to increase each week. It was concluded that muscle 

hypertrophy was evident roughly three to four weeks into the training program. These 

findings were novel in that the gradual increase of thigh muscle CSA occurred much 

earlier than previous studies have noted. 

Csapo, Alegre, and Baron (2011)

The purpose of this investigation was to measure acute changes in muscle 

thickness, fascicle length, and pennation angle following a vigorous bout of strength 

training. Forty-one men (mean ± SD age = 25 ± 4 years) volunteered to participate in this 

study. Each subject visited the laboratory once or twice for the duration of the study. 

Before the training protocol, each subject’s VL was measured using ultrasound. 

Following a brief warm-up and familiarization, the subjects performed as many 

repetitions as possible for the unilateral leg press exercise using 50% of the 1RM. 

Measurements of the VL were obtained immediately post-exercise, as well as five, ten, 

fifteen, and 30 minutes after. The results from several one-way repeated measures 

ANOVAs indicated that muscle thickness, pennation angle, and fascicle length were 

significantly affected by the training bout. Follow-up analyses indicated that from 

immediately post-exercise to fifteen minutes, muscle thickness and pennation angle 
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gradually decreased, and the values returned to baseline within 30 minutes. Fascicle 

length significantly decreased immediately after the training bout, but returned to 

baseline at the five minute mark. Though this study only examined the VL, these findings 

have important implications for researchers that wish to study acute changes in muscle 

architecture. 

Farup et al. (2012) 

The purpose of this investigation was to examine the effects of strength versus 

endurance training program on muscle CSA, fascicle angle, and fiber CSA. A total of 

fourteen untrained men (mean ± SD age = 24 ± 1 years) volunteered to participate in this 

study. The subjects were randomly divided in one of two groups: strength training or 

endurance training. All subjects visited the laboratory three times per week for ten weeks. 

The strength training group performed three to five sets of four to ten repetitions for the 

following exercises: leg press, leg extensions, and hamstring curls. The main goal of the 

strength training program was to induce change in muscle power, strength, the rate of 

force development, and hypertrophy. The endurance training group performed interval 

training on stationary bicycles.  Training intensity was based on each subject’s heart rate, 

maximal oxygen uptake, and target watt. Whole muscle CSA was obtained by using MRI 

of three muscle compartments: 1) leg extensors, 2) leg flexors, and 3) hip adductors. 

Muscle biopsies were meticulously taken from the VL for individual muscle fiber 

analyses. Additionally, images from the VL were documented using ultrasound. The 

images from the VL were stored and were later examined for fascicle angle. Isometric 

strength was determined by three maximal leg extensor contractions at an angular 

velocity of 20 and 70 degrees/second on an isokinetic dynamometer. To examine group 
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interactions and time, a two-way repeated measures ANOVA was utilized. Muscle CSA, 

fascicle angle, and fiber CSA of the VL for the strength training group significantly 

increased from pre to post training. The changes were as follows: muscle CSA = 137 to 

153 cm²; fascicle angle = 10.4 to 12.9 º; and fiber CSA = 5,207 to 6,125 µm². 

Additionally, the area of the type II fibers in the strength training group increased from 

5,516 to 6,657 µm². Moreover, the strength training group increased muscle CSA for the 

leg extensors and flexors, but no change was found for the adductor compartment. Lastly, 

the strength training group significantly increased their isometric strength and their 1RM 

and 3RM for the leg press exercise. The endurance training group showed no change in 

muscle CSA, fascicle angle, or fiber CSA of the VL. However, the endurance training 

group increased their maximal oxygen uptake and their 1 and 3RM for the leg press 

exercise. In conclusion, this study indicated that a ten-week strength training program is 

superior to endurance training for increasing muscle CSA, strength, fascicle angle, and 

fiber CSA of the VL. 

Baroni et al. (2013) 

The primary aim of this study was to analyze the effects of an eccentric strength 

training protocol on muscle thickness, pennation angle, and fascicle length of the RF and 

VL muscles. A total of 20 physically active men (mean ± SD age = 24 ± 4 years) 

volunteered to participate in this investigation. All subjects visited the laboratory two 

times per week for twelve weeks with at least 72 hours between sessions. During each 

training session, subjects completed three to five sets of ten maximal eccentric 

contractions (for each leg) on an isokinetic dynamometer. One minute of rest was 

allowed between sets.  Using ultrasonography, three images were obtained from the VL 
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and RF muscles for pennation angle, muscle thickness, and fascicle length analyses. The 

absolute values for these three variables were compared over time using separate 

repeated-measures ANOVAs. Additionally, a two-way repeated measures ANOVA was 

utilized to examine the interaction for the RF and VL, over time (i.e., baseline, pre-

training, four, eight, and twelve weeks). Furthermore, to compare the VL and RF percent 

change, a one-way ANOVA was used. Lastly, to compare the time points within each 

muscle, a repeated-measures ANOVA was utilized. After four weeks of training, there 

was a significant increase for muscle thickness and fascicle length for both the RF and 

VL. Muscle thickness for the RF at baseline was 2.01cm and after four weeks it 

significantly increased to 2.15cm. Muscle thickness for the VL started at 2.61cm and 

after four weeks increased to 2.72cm. Fascicle length for the RF started at 13.49cm and 

after four weeks of training increased to 14.31cm. Lastly, fascicle length for the VL 

started at 8.10cm and increased to 8.54cm. The largest increase took place after only four 

weeks of training. However, muscle thickness and fascicle length continued to gradually 

increase after four weeks of training. It is important to note that there were no significant 

changes in pennation angle throughout the entire study. In conclusion, this study found 

that there were significant increases in muscle thickness and fascicle length after only 

four weeks of eccentric leg extensor training on an isokinetic dynamometer. 

Ema et al. (2013) 

The primary purpose of this study was to examine whether a strength training 

program prompted an increase in muscle size and pennation angle for the quadriceps 

muscles. Twenty-one untrained men volunteered to participate in this investigation. The 

subjects were randomly divided into either the control (n = 10; mean ± SD age = 26 ± 4 



Texas Tech University, Kendra Olinghouse, May 2015 

25 

years) or the training group (n = 11; mean ± SD age = 27 ± 2 years). The training group 

visited the laboratory three days per week for a total of twelve weeks and completed 

unilateral leg extensions. The training load for the leg extensions corresponded to 80% of 

their 1RM. Each training session typically consisted of five sets of eight repetitions with 

a 90 second rest between each set. A 1RM was established every two weeks to readjust 

the training loads. Muscle thickness, pennation angle, and fascicle length (distal and 

proximal) were measured by ultrasound and slice thickness of the thigh were measured 

using MRI. Leg extension strength was measured on an isokinetic dynamometer. A three-

way repeated measures ANOVA was utilized to examine the influence of the independent 

variables (group, time, and region) on the dependent variables (strength, muscle CSA, 

muscle thickness, pennation angle, and fascicle length). The training group significantly 

increased their 1RM strength from 68.0 to 86.0 kg. Muscle CSA for the training group 

significantly increased in all regions for all four quadriceps muscles. With the exception 

of the VI, thickness and pennation angle of the quadriceps muscles significantly 

increased. Lastly, fascicle length showed no significant changes. The results of this study 

indicated that there is a strong relationship between pennation angle and hypertrophy of 

the quadriceps. Furthermore, muscular changes in the quadriceps do not take place 

uniformly across or along each muscle. 
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CHAPTER III 

METHODS 

Subjects 

Forty-seven non-smoking women (mean ± SD: age = 21 ± 3 years; body mass = 

63 ± 11 kg; height = 162 ± 7 cm) who were not engaged in strength training during the 

previous six months were recruited to participate in this study. Prior to enrollment, 

subjects were screened for health-related illness. Women were not allowed to participate 

if they were affected by any neuromuscular and/or metabolic diseases. Furthermore, 

women with recent musculoskeletal discomfort, pain, or injury were not able to 

participate. Contraceptive use was not considered or closely monitored, as previous 

studies have generally shown similar strength-related outcomes among women that take 

contraceptives versus those that do not (27). However, the subjects were asked to keep 

their contraceptive use consistent throughout the duration of the investigation (i.e., usage 

= ≥ 3 months). This study and its procedures were approved by the Texas Tech 

University Human Research Protection Program, and all subjects signed an informed 

consent and completed a health history questionnaire prior to participation. Each subject 

was randomly assigned to one of three groups: 1) low volume, 2) high volume, and 3) 

control. The subjects were asked to not strength train outside of this investigation. Two 

hours per week of low/moderate physical activity outside of the study was permitted. 

Each subject was compensated $50 at the conclusion of the investigation. 

Back Squat and Deadlift Training 

The subjects in the two training groups were required to attend an educational, 

lecture-based seminar on back squat and deadlift training prior to the initial training 
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session. Once the subjects had a basic understanding of how these exercises were to be 

performed, training commenced. All of the training for this study was closely supervised, 

and the subjects received consistent verbal instruction concerning their technique and 

performance. 

All of the back squats were performed inside of a rack, and spotters were present 

at all times. The safety pins of the rack were set at a height that was just below the barbell 

when the subject was at the bottom of the range of motion. The subjects were taught to 

perform the barbell back squat with their feet approximately shoulder width apart. The 

barbell was placed across the top of the trapezius muscle just below the seventh cervical 

vertebrae. The subjects were instructed to keep the musculature of the upper-back 

contracted throughout the range of motion. The hands were kept outside of the shoulders 

(using a closed grip), the head remained in a neutral position, and the elbows were 

positioned under or slightly behind the bar to sustain the load. Each subject squatted to 

the parallel position, which was attained when the greater trochanter of the femur reached 

a position level to the patella. 

The subjects were taught to execute the deadlift with their feet directly underneath 

their hips, and their toes pointed forward. At the starting position, the barbell made slight 

contact with the anterior side of both legs. At that point, the anterior tibialis was aligned 

in a vertical position. Throughout the range of motion, the subjects were instructed to 

maintain a rigid, neutral spine, and the barbell was pulled in a vertical fashion. The arms 

were positioned just outside of the thighs, and the subjects were allowed to use either a 

closed or an alternated grip. At the top of the range of motion, the subjects extended their 
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hips and kept their shoulders back to ensure that no excessive back flexion or shrugging 

occurred. 

For both exercises, the Valsalva maneuver was taught and encouraged. Weight 

belts were not allowed. However, wrist wraps, chalk, tape, and weightlifting shoes were 

permitted. Both the deadlift and back squat was performed in a controlled but forceful 

manner. No “dumping” or bouncing of the weights was admitted. All training sessions 

began with two warm-up sets of five repetitions using external loads between 15.9-25 kg 

for both exercises. Excluding the warm-up sets, the subjects in the high volume group 

performed four sets of five repetitions and the low volume group performed two sets of 

five repetitions of both exercises during each training session. Three minutes of rest was 

allowed between each set. Training times were typically scheduled for Mondays and 

Thursdays, Mondays and Fridays, or Tuesdays and Fridays. Given that the subjects were 

untrained, the external loads were not based off of the results from 1RM testing (2). 

Instead, a non-traditional technique of training load determination was utilized. The low 

volume training group performed five repetitions of two sets per exercise; the high 

volume group performed an additional two sets per exercise. The external loads were 

increased progressively during each training session. Volume was not matched between 

the groups. To stimulate progressive overload, a minimum of 2.27 kg was added to the 

barbell for both exercises during each training session. 

Testing sessions 

The subjects participated in six separate testing sessions. The initial testing visit 

served as a familiarization session, and occurred 48 hours prior to the pretest data 

collection session. The data collected during the second visit served as the pretest. 
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Examining data on two separate occasions prior to the intervention permitted the 

estimation of the minimal difference needed to be considered real for each of the 

dependent variables in this study. Doing so allowed for examination of both group means 

and individual subject data. Evaluation of individual subject data based on the minimal 

difference needed to be considered real statistic was useful for assessing changes in 

skeletal muscle hypertrophy in a previous study by DeFreitas et al. (13). 

Testing also commenced at the conclusion of each training week (i.e., post one, 

two, three, and four weeks). Each of these four testing sessions occurred 72 hours 

following the final training session of the week. All testing for this study took place at the 

same time of day (± 2 hours) and was performed by the same investigator. The testing 

procedures occurred in the order listed below. Each performance test involved a 

submaximal warm-up period in an attempt to minimize the risk of injury. 

Dual Energy X-ray Absorptiometry 

All subjects completed one scan using the DEXA (Lunar Prodigy Primo, GE 

Healthcare, WI, USA) during each testing session. All scans were performed by a trained 

technician that had completed both Texas Tech University online radiation training and a 

training session held by the device’s manufacturer. Images were analyzed with 

manufacturer-provided software (Lunar Radiation Body Composition, version 13.60, GE 

Healthcare, WI, USA). Total and regional leg (left and right) lean mass was assessed in 

this study. 

Ultrasonography 

Ultrasound measurements were performed on the right VL and RF with a portable 

B-mode imaging device (GE Logiq e, GE Healthcare, Wauwatosa, WI, USA) and a 
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multi-frequency linear-array probe. Equipment settings (i.e., gain, depth, and frequency) 

were optimized before testing and held constant throughout the study.  All assessments 

were performed with the subjects lying face-up on a table, and the right leg positioned in 

full extension. The subjects were required to rest for ten minutes before all evaluations 

(3). In order to maximize acoustic coupling, the ultrasonography probe was covered with 

water-soluble transmission gel and oriented parallel to muscle fascicles and perpendicular 

to the skin over the muscles. Three images were taken at each site by the same 

investigator. Anatomical landmarks and images of each subject’s thigh were used to 

ensure consistency of the scanning locations. Images were digitized and analyzed with 

Image J software (National Institutes of Health, Bethesda, MD, USA). The dependent 

variable for this study was muscle thickness, and was calculated using the procedures 

described recently by Baroni et al. (2). 

Biodex Data Collection Procedures 

Upon arrival for each data collection session, the subjects were seated on an 

isokinetic dynamometer (Biodex System 3, Biodex Medical Systems, Shirley, NY, USA) 

in accordance with the manufacturer’s instructions for testing of the knee joint. Straps 

were secured around the subjects’ hips and chest, and they were instructed to gently hold 

onto the handles throughout testing. The right knee joint was visually aligned with the 

input axis of the dynamometer. Once the subjects were comfortably seated, the 

dynamometer’s settings were recorded to ensure consistency throughout the study. All 

data collection sessions began with a warm-up of submaximal isometric muscle actions 

of the leg extensors. Isometric strength testing for this investigation included two 

isometric MVCs for the leg extensors. All isometric strength testing for this study was 
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performed at a knee joint angle of 60 degrees (0 = full extension) (11). Each MVC was 

five seconds in duration and the order of testing was randomized. During all MVC 

testing, the subjects were verbally encouraged to “push” as hard and fast as possible. Two 

minutes of rest was allotted between each MVC. The torque signals were digitized at a 

sampling rate of 2,000 samples/second. Peak torque was the dependent variable, and was 

based on the highest single data point within the MVC's torque curve (5). 

EMG Measurements and Signal Processing 

Bipolar surface EMG signals were detected during each MVC. The signals were 

detected with a Trigno™ wireless EMG sensor (interelectrode distance = 10 mm [Delsys 

Inc., Boston, MA, USA]) with a bandwidth of 20-450 Hz. The sensor was placed over the 

muscle in accordance with the Surface EMG for the Non-Invasive Assessment of 

Muscles project (17). To ensure consistency of the sensor placement, the skin over the 

muscle was marked following the initial assessment, and was referenced during 

subsequent data collection trials. Prior to testing, the skin was shaved and cleansed with 

rubbing alcohol. The EMG signals were digitized at a sampling rate of 2,000 

samples/second and stored in a personal computer (Dell Optiplex 755, Round Rock, TX, 

USA) for subsequent analyses. 

All signal processing was performed using custom programs written with 

LabView programming software (version 8.2, National Instruments, Austin, TX, USA). 

The torque and EMG signals were acquired in sync with each other. Thus, the EMG 

signals from the MVCs were selected from the one-second portion of the torque curve 

that encompasses the peak value. The root-mean-square (µV RMS) value of each selected 

signal was calculated as a measure of EMG amplitude (4).  To minimize statistical 
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variability, each subject’s data for each week were expressed as a percentage of the pre-

test data. 

Countermovement Vertical Jump Performance 

During each of the testing sessions, peak and mean power (W) and velocity (m/s) 

were assessed during maximal countermovement jumps with a Tendo Weightlifting 

Analyzer (Tendo Sports, Trencin, Slovak Republic). The subjects began the test with 

their feet flat on the ground and shoulder width apart with the toes directed forward. The 

subjects were instructed to keep their hands on their waist during each jump. A tether 

cord from the Tendo unit was attached to a belt, which was firmly tied around each 

subject's waist. The subjects then performed three maximal countermovement jumps with 

one minute of rest between attempts. The mean was calculated from the three jumps and 

used for further analysis. The subjects wore the same tennis shoes for each testing 

session. 

Fatigue and Muscle Soreness 

Prior to each of the testing sessions, the subjects completed three separate Likert 

scales pertaining to their level of mental fatigue, physical fatigue, and muscle soreness. 

The mental and physical fatigue scales were those developed and used by Kraemer et al. 

(21) for their assessment of fatigue in tennis players. Each of these two scales had 

nominal values ranging from zero to six, with these numbers representing the absence of 

fatigue and maximum feelings of fatigue, respectively. In addition, the subjects 

completed a Likert scale pertaining to their level of muscle soreness with zero and ten 

representing the absence of pain and severe pain, respectively. 
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Statistical Analyses 

The dependent variables were as follows: 1) barbell squat mean external loads 2) 

deadlift mean external loads, 3) leg extensors peak torque, 4) VL EMG amplitude, 5) 

DEXA body mass, 6) DEXA lean body mass, 7) DEXA leg lean mass, 8) DEXA gynoid 

lean mass, 9) DEXA fat mass, 10) DEXA percent fat, 11) VL muscle thickness, 12) RF 

muscle thickness, 13) tendo peak power, 14) tendo mean power, 15) tendo peak velocity, 

16) tendo mean velocity, 17) physical fatigue, 18) mental fatigue, 19) muscle soreness.

Nineteen separate two-way mixed factorial (group [high volume, low volume, control] × 

time [pretest, week one, week two, week three, week four]) ANOVAs were used to 

examine mean differences. When necessary, follow-up analyses included one-way 

ANOVAs, repeated measures ANOVAs, and Bonferroni post-hoc comparisons. 

Statistical inferences were also based on effect size statistics. Specifically, the partial eta 

squared statistic and/or Cohen's d was also used to evaluate the effect size for each 

analysis. An alpha level of .05 was used to determine the statistical significance for each 

procedure. 
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CHAPTER IV 

RESULTS 

Barbell Squat and Deadlift Mean External Loads 

Figures 1a. and 1b. show the mean ± SD for the mean external loads used during 

barbell squat and deadlift training. For the barbell back squats, the results from the two-

way mixed-factorial ANOVA (2 × 8) indicated that there was no group × workout 

interaction (F = 2.825, p = 0.056, partial eta squared = 0.089). There was also no main 

effect for group (F = 0.315, p = 0.579, partial eta squared = 0.011). There was, however, 

a main effect for workout (F = 215.417, p = < .001, partial eta squared = 0.881). The 

Bonferroni pairwise comparisons indicated that the external loads used during the barbell 

back squats significantly increased every workout (workout one < two < three < four < 

five < six < seven < eight). For the barbell deadlifts, the results from the two-way mixed-

factorial ANOVA indicated that there was no group × workout interaction (F = 2.856, p = 

0.056, partial eta squared = 0.090). There was also no main effect for group (F = 1.975, p 

= 0.171, partial eta squared = 0.064). There was, however, a main effect for workout (F = 

220.666, p = < .001, partial eta squared = 0.884). The Bonferroni pairwise comparisons 

indicated that the external loads used during the barbell deadlift significantly increased 

every workout (workout one < two < three < four < five < six < seven < eight). It should 

be noted that although there was no significant group × workout interaction, the external 

loads used by the low volume training group were slightly greater than those used by the 

high volume training group. 
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Leg Extensors Peak Torque 

Figures 2a. and 2b. show the mean ± SD and weekly effect sizes, respectively, for 

peak torque of the leg extensors. The results from the two-way mixed-factorial ANOVA 

(3 × 5) indicated that there was no group × time interaction (F = 1.948, p = 0.065, partial 

eta squared = 0.081). There was also no main effect for group (F = 2.216, p = 0.121, 

partial eta squared = 0.091). There was, however, a main effect for time (F = 7.150, p = < 

.001, partial eta squared = 0.140). The results from the Bonferroni pairwise comparisons 

indicated that the leg extensor peak torque marginal mean at week four was significantly 

greater than that for the pre-test, week one, and week two.  Despite the lack of a group × 

time interaction, both training groups demonstrated mean increases in the leg extensor 

peak torque values. Specifically, when compared to the pre-test, the low volume training 

group showed weekly effect sizes of d = 0.05, 0.14, 0.40, and 0.62 for weeks one, two, 

three, and four respectively. The high volume group showed slightly smaller changes (d = 

0.02, 0.14, 0.16, and 0.40, respectively). 

VL EMG Amplitude 

Figures 3a. and 3b. show the mean ± SD and weekly effect sizes, respectively, for 

EMG amplitude for the VL during the leg extension MVCs. The results from the two-

way mixed-factorial ANOVA (3 × 4) indicated that there was no group × time interaction 

(F = 0.720, p = 0.604, partial eta squared = 0.031). In addition, there were no main effects 

for group (F = 0.127, p= 0.881, partial eta squared = 0.006) or time (F = 0.506, p = 0.637, 

partial eta squared = 0.011). The only noteworthy finding was an effect size of d = 0.30 

for the low volume training group for week four compared to the pre-test. 
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DEXA Body Mass 

Figures 4a. and 4b. show the mean ± SD and weekly effect sizes, respectively, for 

body mass derived from the DEXA (3 × 5). The results from the two-way mixed-factorial 

ANOVA indicated that there was no group × time interaction (F = 0.506, p = 0.731, 

partial eta squared = 0.022). In addition, there were no main effects for group (F= 1.641, 

p= 0.205, partial eta squared = 0.069) or time (F= 0.558, p = 0.573, partial eta squared = 

0.013). A qualitative analysis of the week-to-week effect sizes demonstrated that there 

were virtually no changes in body mass for any of the groups. The largest change was 

demonstrated in the high volume training group at week four (mean change versus the 

pre-test = 0.394 kg, Cohens’s d = 0.037). 

DEXA Lean Body Mass 

Figures 5a. and 5b. show the mean ± SD and weekly effect sizes, respectively, for 

lean body mass derived from the DEXA.  The results from the two-way mixed-factorial 

ANOVA (3 × 5) indicated that there was no group × time interaction (F = 0.908, p = 

0.505, partial eta squared = 0.040). There was also no main effect for group (F = 0.156, p 

= 0.856, partial eta squared = 0.007). There was, however, a main effect for time (F = 

4.686, p = .002, partial eta squared = 0.096). The results from the marginal mean 

Bonferroni pairwise comparisons indicated that lean body mass was significantly greater 

at week three compared to the pre-test and week one. A qualitative analysis of the group 

means indicated that the control group demonstrated virtually no change in lean body 

mass (Cohen’s d range = 0.01 to 0.11). In contrast, both training groups demonstrated 

small week-to-week effect sizes for the change in lean body mass (low volume training 

Cohen’s d range = 0.04 to 0.17; high volume training Cohen’s d range = 0.04 to 0.20). 
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DEXA Leg Lean Mass 

Figures 6a. and 6b. show the mean ± SD and weekly effect sizes, respectively, for 

leg lean mass derived from the DEXA.  The results from the two-way mixed-factorial 

ANOVA (3 × 5) indicated that there was a group × time interaction (F = 4.335, p = 0.001, 

partial eta squared = 0.165). Follow-up repeated measures ANOVAs indicated that: (1) 

the control group showed significantly less leg lean mass at week four (12.94 kg) 

compared to weeks two (13.20 kg) and three (13.26 kg), (2) none of the increases in leg 

lean mass for the low volume and high volume groups were significant (low volume pre-

test to week four mean change = 0.57 kg, p = .088; high volume pre-test to week four 

mean change = 0.40 kg, p = 0.149). Both training groups showed small-to-moderate 

effect sizes. Interestingly, the low volume group showed slightly higher effect sizes than 

those for the high volume group (Cohen’s d ranges = 0.34 to 0.43 and 0.07 to 0.27, 

respectively). Although the control group had slightly greater leg lean mass at the 

beginning of the study (control, low volume, and high volume = 13.22, 12.71, and 12.66 

kg, respectively) the results from five separate one-way ANOVAs indicated that there 

were no between-group differences at any of the time points. 

DEXA Gynoid Lean Mass 

Figures 7a. and 7b. show the mean ± SD and weekly effect sizes, respectively, for 

gynoid lean mass derived from the DEXA. The results from the two-way mixed-factorial 

ANOVA (3 × 5) indicated that there was no group × time interaction (F = 1.518, p = 

0.165, partial eta squared = 0.065). There was also no main effect for group (F = 0.292, p 

= 0.748, partial eta squared = 0.013). There was, however, a main effect for time (F = 

4.720 p = .002, partial eta squared = 0.097). The results from the marginal mean 
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Bonferroni pairwise comparisons indicated that gynoid lean mass was significantly 

greater at weeks two and three compared to the pre-test (mean increases = .088 and .095 

kg, respectively). A qualitative analysis of the group means indicated that the control 

group demonstrated virtually no change in gynoid lean mass (Cohen’s d range = 0.05 to 

0.08). Both training groups demonstrated small, week-to-week effect sizes (low volume 

training Cohen’s d range = -0.08 to 0.15; high volume training Cohen’s d range = 0.15 to 

0.27). 

DEXA Fat Mass 

Figures 8a. and 8b. show the mean ± SD and weekly effect sizes, respectively, for 

fat mass derived from the DEXA. The results from the two-way mixed-factorial ANOVA 

(3 × 5) indicated that there was no group × time interaction (F = 0.479, p = 0.795, partial 

eta squared = 0.021). In addition, there were no main effects for group (F= 2.726, p= 

0.077, partial eta squared = 0.110) or time (F= 2.595, p = 0.066, partial eta squared = 

0.056). All three groups demonstrated very small reductions in fat mass (Cohen’s d range 

= 0.00 to 0.06). Notably, the low volume group showed a pre-test to week four decrease 

of 0.53 kg of fat mass, but also demonstrated substantial intersubject variability. 

DEXA Percent Fat 

Figures 9a. and 9b. show the mean ± SD and weekly effect sizes, respectively, for 

percent fat derived from the DEXA. The results from the two-way mixed-factorial 

ANOVA (3 × 5) indicated that there was no group × time interaction (F = 0.502, p = 

0.820, partial eta squared = 0.022). In addition, there were no main effects for group (F= 

2.895, p= 0.066, partial eta squared = 0.116) or time (F= 2.529, p = 0.055, partial eta 
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squared = 0.054). All three groups demonstrated trivial changes in percent fat (Cohen’s d 

range = 0.00 to 0.07). 

VL Muscle Thickness 

Figures 10a. and 10b. show the mean ± SD and weekly effect sizes, respectively, 

for VL muscle thickness. The results from the two-way mixed-factorial ANOVA (3 × 5) 

indicated that there was no group × time interaction (F = 1.650, p = 0.129, partial eta 

squared = 0.070). There was also no main effect for group (F = 0.218, p = 0.805, partial 

eta squared = 0.010). There was, however, a main effect for time (F = 6.501, p = < .001, 

partial eta squared = 0.129). The results from the Bonferroni pairwise comparisons 

indicated that the VL muscle thickness marginal means at weeks one, three, and four 

were all greater than that for the pre-test. A qualitative analysis of the week-to-week 

effect sizes indicated that the low volume group demonstrated small increases throughout 

the study (Cohen’s d range = 0.23 to 0.35). Furthermore, the high volume group showed 

slightly higher effect sizes, with a consistent increase each week (Cohen’s d values 

compared to the pre-test = 0.25, 0.27, 0.44, 0.48). 

RF Muscle Thickness 

Figures 11a. and 11b. show the mean ± SD and weekly effect sizes, respectively, 

for RF muscle thickness. The results from the two-way mixed-factorial ANOVA (3 × 5) 

indicated that there was no group × time interaction (F = 0.523, p = 0.807, partial eta 

squared = 0.023). In addition, there were no main effects for group (F = 1.052, p= 0.358, 

partial eta squared = 0.046) or time (F = 0.323, p = 0.828, partial eta squared = 0.007). 

An examination of the mean values demonstrated that none of the groups showed 

meaningful changes in RF muscle thickness. 
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Tendo Peak Power 

Figures 12a. and 12b. show the mean ± SD and weekly effect sizes, respectively, 

for the Tendo peak power measurements. The results from the two-way mixed-factorial 

ANOVA (3 × 5) indicated that there was no group × time interaction (F = 1.512, p = 

0.168, partial eta squared = 0.069). In addition, there were no main effects for group (F = 

1.120, p= 0.336, partial eta squared = 0.052) or time (F = 0.784, p = 0.522, partial eta 

squared = 0.019). The largest effect size shown for any of the groups was that for the low 

volume training group at week four compared to the pre-test (mean increase = 33.5 W, 

Cohen’s d = 0.21). 

Tendo Mean Power 

Figures 13a. and 13b. show the mean ± SD and weekly effect sizes, respectively, 

for the Tendo mean power measurements. The results from the two-way mixed-factorial 

ANOVA (3 × 5) indicated that there was no group × time interaction (F = 0.667, p = 

0.680, partial eta squared = 0.031). In addition, there were no main effects for group (F = 

0.321, p= 0.727, partial eta squared = 0.015) or time (F = 0.643, p = 0.592, partial eta 

squared = 0.015). For each group, the mean values demonstrated virtually no change. 

Tendo Peak Velocity 

Figures 14a. and 14b. show the mean ± SD and weekly effect sizes, respectively, 

for the Tendo peak velocity measurements. The results from the two-way mixed-factorial 

ANOVA (3 × 5) indicated that there was no group × time interaction (F = 1.763, p = 

0.102, partial eta squared = 0.079). In addition, there were no main effects for group (F = 

0.063, p= 0.939, partial eta squared = 0.003) or time (F = 0.346, p = 0.816, partial eta 

squared = 0.008). For each group, the mean values demonstrated virtually no change. 
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Tendo Mean Velocity 

Figures 15a. and 15b. show the mean ± SD and weekly effect sizes, respectively, 

for the Tendo mean velocity measurements. The results from the two-way mixed-

factorial ANOVA (3 × 5) indicated that there was no group × time interaction (F = 0.645, 

p = 0.708, partial eta squared = 0.031). In addition, there were no main effects for group 

(F = 0.700, p= 0.502, partial eta squared = 0.033) or time (F = 0.976, p = 0.412, partial 

eta squared = 0.023). Collectively, the mean values demonstrated virtually no change 

over time. Interestingly, the two training groups showed very small decreases in mean 

velocity at week one, two, and three. 

Physical Fatigue 

Figure 16 shows the mean ± SD physical fatigue responses for each of the groups. 

The results from the two-way mixed-factorial ANOVA (3 × 5) indicated that there was 

no group × time interaction (F = 1.533, p = 0.151, partial eta squared = 0.065). There was 

also no main effect for group (F = 0.178, p = 0.837, partial eta squared = 0.008). There 

was, however, a main effect for time (F = 2.763, p = 0.030, partial eta squared = 0.059). 

The Bonferroni pairwise comparisons indicated that when collapsed across the groups, 

the subjects generally reported increased physical fatigue over time, but none of the 

marginal mean differences were significant (pre-test versus week three, p = .079). 

Mental Fatigue 

Figure 17 shows the mean ± SD mental fatigue responses for each of the groups. 

The results from the two-way mixed-factorial ANOVA (3 × 5) indicated that there was 

no group × time interaction (F = 0.713, p = 0.655, partial eta squared = 0.031). There was 

also no main effect for group (F = 0.042, p = 0.959, partial eta squared = 0.002). There 
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was, however, a main effect for time (F = 7.437, p = < 0.001, partial eta squared = 0.145). 

The Bonferroni pairwise comparisons indicated that when collapsed across the groups, 

the subjects reported significantly greater mental fatigue at weeks two and three 

compared to the pre-test. 

Muscle Soreness 

Figure 18 shows the mean ± SD delayed onset muscle soreness responses for each 

of the groups. The results from the two-way mixed-factorial ANOVA (3 × 5) indicated 

that there was no group × time interaction (F = 1.788, p = 0.102, partial eta squared = 

0.075). In addition, there were no main effects for group (F = 1.246, p= 2.98, partial eta 

squared = 0.054) or time (F = 0.216, p = 0.893, partial eta squared = 0.005). Close 

evaluation of the group means showed that the high volume training group reported 

slightly higher delayed onset muscle soreness than the low volume training group, but 

these differences were not significant. 
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CHAPTER V 

DISCUSSION 

As previously stated, the primary purpose of this study was to examine the time 

course for muscular adaptations and changes in EMG amplitude in previously untrained 

women that participated in four weeks of barbell back squat and deadlift training. In 

addition, leg strength and jumping performance were assessed on a weekly basis. A third 

and final purpose was to compare these responses between groups of subjects 

participating in low volume (i.e., two sets per exercises) versus high volume (i.e., four 

sets per exercise) training. It was hypothesized that significant increases in muscle 

thickness for the VL and RF would be established within the first four weeks of strength 

training. It was also hypothesized that increases in total and regional lean mass would 

match those shown via ultrasound measurements, and barbell squat and deadlift training 

would cause significant improvements in each of these variables, with these changes 

expected to transpire within the first two weeks of training. Lastly, it was hypothesized 

that the women who participated in high volume training would display greater changes 

than those in the low volume training group. The results indicated that although there was 

no significant group × time interaction for leg extension peak torque, there was a main 

effect for time, and the effect sizes were indicative of moderate increases for both 

training groups. Thus, the training programs were effective for increasing isometric leg 

extensor strength. In contrast to what was hypothesized, EMG amplitude was not affected 

by the training. Similarly, the mean values for RF muscle thickness, each of the jumping 

variables, and DEXA fat mass did not change. The most important findings, however, 

were that leg and gynoid lean mass and VL muscle thickness each showed small-to-
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moderate increases as a result of training. Collectively, the results of this study are 

indicative of small-to-moderate muscular adaptations in response to only four weeks of 

barbell training in women. 

Changes in Muscular Strength and EMG Amplitude 

Since neural and hypertrophic adaptations are predicated on improvements in 

muscular strength with training, it is important to consider whether a given intervention 

affects force or torque output of the involved muscles. In other words, an improvement in 

muscular strength is a prerequisite for analysis of mechanistic factors.  In this study, an 

alternative approach to inducing strength changes was used. Specifically, the subjects in 

this study performed barbell back squats and deadlifts and essentially lifted the heaviest 

load possible, with strictly controlled form twice a week for four weeks, but performed 

isometric testing of the right leg extensors on an isokinetic dynamometer. Since training 

involved multiple joints and a large portion of muscle mass, but only tested one major 

muscle group, issues related to training versus testing specificity were a concern. In 

contrast to specificity of training, the barbell squat and deadlift training was able to 

transfer to the isokinetic dynamometer testing, with effect size values of 0.62 and 0.40 for 

the low and high volume training groups at week four, respectively. Thus, it can be 

concluded that barbell squat and deadlift training transferred to isometric testing, and 

therefore, discussion concerning neural and hypertrophic changes is warranted. The EMG 

amplitude results of this study are in contrast to those of Moritani and deVries (25). In the 

Moritani and deVries (25) investigation, the subjects trained three times a week for eight 

weeks. The subjects only performed dumbbell curls using moderate external loads, and 

then were tested on an isokinetic dynamometer. The authors established that the early 
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increases in muscular strength were primarily due to neural factors, with hypertrophy 

becoming more noticeable three to five weeks into the training program (25). In the 

current study, the opposite was found, with no change in EMG amplitude, yet, small-to-

moderate changes in muscle mass and thickness over four weeks. The fact that the EMG 

amplitude values did not change with training is indicative of a lack of or absence of 

neural changes (i.e., increases in maximal firing rate or motor unit recruitment) in the 

present study.  An alternative explanation is that the EMG amplitude values demonstrated 

too much variability for mean differences to be identified. 

Changes in DEXA Variables and VL and RF Muscle Thickness 

It is typically believed that muscle growth begins after several weeks to months of 

progressive, consistent strength training. For instance, in chapter five of the Essentials of 

Strength Training and Conditioning textbook, Ratamess explains that, neural adaptations 

occur early in a strength cycle (i.e., around six to ten weeks [2]). After roughly ten weeks 

as the duration of training increases, muscle hypertrophy transpires and provides more 

than neural adaptations (2). In spite of this notion, at least four studies have reported 

evidence of muscle growth within the first several weeks of training (3,13,30,31). 

Although, Staron et al. (31) found no statistically significant change for mass, fat-free 

mass, percent body-fat, or girth, they did find that strength training resulted in a gradual 

shift for the type IIx muscle fibers to the more oxidative type IIa (31). Likewise, Seynnes 

et al. (30) reported that after twenty days, and at the end of their strength training 

program, the VL showed a significant increase in muscle CSA. Moreover, DeFreitas and 

colleagues (13) measured thigh muscle CSA each week throughout the course of their 

study and found a significant increase in thigh muscle CSA after only two training 
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sessions. DeFreitas and colleagues concluded that muscle hypertrophy was evident 

roughly three to four weeks into the training program (13). It is worth noting that the 

three studies previously mentioned did not utilize ultrasound to calculate muscle 

thickness or DEXA to examine body composition, but instead used MRI, peripheral 

quantitative tomography, or muscle biopsy analyses. More recently, Baroni et al. (3) 

utilized ultrasound to examine muscle thickness and took three images from the VL and 

RF muscles during each testing session, which was similar to the approach utilized in this 

study. After four weeks of training, they found a significant increase for muscle thickness 

for both the RF and VL (3). The largest increase took place after only four weeks of 

training (3). In the present investigation, small-to-moderate increases were found in VL 

muscle thickness within just four weeks of back squat and deadlift strength training. The 

low volume group demonstrated small increases throughout the study (Cohen’s d range = 

0.23 to 0.35) and the high volume group showed marginally higher effect sizes, with a 

steady rise each week (Cohen’s d values compared to the pre-test = 0.25, 0.27, 0.44, 

0.48). In contrast, RF muscle thickness showed no significant change for either of the 

training groups. Although the reason for the muscle-specific difference is unclear, this 

could be due to the anatomical position of the muscle (i.e., higher amounts of fat mass 

around the superior portion of the thigh) or the trial-to-trial variability of the investigator. 

Moreover, body mass did not significantly change from baseline for each of the groups, 

possibly signifying that there was a minor loss in fat mass  accompanied by a slight gain 

in muscle mass for the two training groups. In fact, small-to-moderate increases were 

found in leg lean mass for both training groups. The low volume group showed slightly 

higher effect sizes than those for the high volume group (Cohen’s d ranges = 0.34 to 0.43 
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and 0.07 to 0.27, respectively).  However, both training groups displayed trivial week-to-

week effect sizes for the change in total lean body mass (low volume training Cohen’s d 

range = 0.04 to 0.17; high volume training Cohen’s d range = 0.04 to 0.20). Additionally, 

when collapsed across groups, gynoid lean mass was significantly greater at weeks two 

and three compared to the pre-test (mean increases = .088 and .095 kg, respectively). 

Although not significant, the low volume group showed a loss of 0.53 kg of fat mass 

(pre-test to week four), but also revealed considerable intersubject variability. Lastly, all 

three groups demonstrated trivial changes in percent fat (Cohen’s d range = 0.00 to 0.07). 

Collectively, it can be concluded that both the low and high volume squat and deadlift 

training resulted in small-to-moderate increases in muscle thickness for the VL, but not 

RF. In addition, the training resulted in small increases in lean mass for the legs and 

gynoid lean mass, but not for other segments of the body. These findings are in 

agreement with the results presented in the four previously described studies 

(3,13,30,31), and suggest that in previously untrained women, muscular adaptations may 

occur within just a few weeks of initiating a training program. 

Additional Considerations 

There are a few issues pertaining to the design of this study that are worthy of 

discussion. First, it is important to note that the results of this study are context-specific. 

In other words, these findings are unique to previously untrained women that performed 

barbell back squat and deadlift training twice per week for four weeks with external loads 

that corresponded to a rigorous five repetition set. This is important to state because the 

results pertaining to any given training program are specific to the acute program 

variables and decisions concerning program design. Different training frequency (e.g., 



Texas Tech University, Kendra Olinghouse, May 2015 

48 

three days per week), external loads, or rest periods may have resulted in discrepant 

findings, and future training studies should explore these possibilities. An additional 

criticism that could be leveled against this study design, was the fact that the external 

loads were not precisely based on quantifiable, relative loads (e.g., percentage of a 

repetition maximum test). While this would certainly be an optimal approach for 

machine-based exercises, maximal strength testing for complex exercises, that these 

subjects had never performed, could have been problematic. Thus, the approach used in 

the present study was to find a balance between teaching the subjects how to perform the 

exercises correctly while simultaneously providing a physiological stress sufficient for 

adaptation. This was not a trivial process. Future investigators should perhaps consider 

alternative means of determining optimal loads for novices just learning to perform such 

complex exercises. Finally, it should be noted that some of the subjects in this 

investigation had difficulty with the countermovement vertical jump testing. In particular, 

some of the subjects stated that jumping with their hands on their hips felt awkward. 

Considering that these subjects were untrained and jumping was not part of the training 

program, additional familiarization prior to the pre-test would have allowed for sufficient 

jumping practice. 

Summary 

The present study is the first to demonstrate small-to-moderate weekly increases 

in leg lean mass, gynoid lean mass, and VL muscle thickness without demonstrating 

significant increases in EMG amplitude in response to four weeks of training. It is 

plausible that four weeks of training was not sufficient time to see neural adaptations 

transpire. It is also possible that the lack of change in EMG amplitude could be due to 
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testing error or high amounts of muscle soreness in the leg muscles of the subjects (i.e., 

not physically able to give full effort during testing). Moreover, this is the first study to 

examine muscle thickness in untrained women performing solely barbell back squats and 

deadlift training twice a week for four weeks. These findings may benefit coaches, health 

practitioners, and women in diminishing some of the myths and misperceptions 

associated with women and heavy barbell strength training. Future investigators should 

consider altering the strength training program to further examine the precise 

mechanisms responsible for the lack of change in EMG amplitude. 
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APPENDIX A

   FIGURES 

Figure 1a. The mean ± SD for the external loads used during barbell squat and deadlift 

training for the high volume group 

Figure 1b. The mean ± SD for the external loads used during barbell squat and deadlift 

training for the low volume group  
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Figure 2a. The mean ± SD for peak torque of the leg extensors 

Figure 2b. Weekly effect sizes for peak torque of the leg extensors 
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Figure 3a. The mean ± SD for EMG amplitude for the VL during the leg extension 

MVCs 

Figure 3b. Weekly effect sizes for EMG amplitude for the VL during the leg extension 

MVCs 
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Figure 4a. The mean ± SD for body mass 

Figure 4b. Weekly effect sizes for body mass 
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Figure 5a. The mean ± SD for total body lean mass 

Figure 5b. Weekly effect sizes for total body lean mass 
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Figure 6a. The mean ± SD for leg lean mass 

Figure 6b. Weekly effect sizes for leg lean mass 
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Figure 7a. The mean ± SD for gynoid lean mass 

Figure 7b. Weekly effect sizes for gynoid lean mass 
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Figure 8a. The mean ± SD for total body fat mass 

Figure 8b. Weekly effect sizes for total body fat mass 
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Figure 9a. The mean ± SD for percent fat 

Figure 9b. Weekly effect sizes for percent fat 
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Figure 10a. The mean ± SD for VL muscle thickness 

Figure 10b. Weekly effect sizes for VL muscle thickness 
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Figure 11a. The mean ± SD for RF muscle thickness 

Figure 11b. Weekly effect sizes for RF muscle thickness 
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Figure 12a. The mean ± SD for tendo peak power 

Figure 12b. Weekly effect sizes for tendo peak power 
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Figure 13a. The mean ± SD for tendo mean power 

Figure 13b. Weekly effect sizes for tendo mean power 
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Figure 14a. The mean ± SD for tendo peak velocity 

Figure 14b. Weekly effect sizes for tendo peak velocity 
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Figure 15a. The mean ± SD for tendo mean velocity 

Figure 15b. Weekly effect sizes for tendo mean velocity 
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Figure 16. The mean ± SD physical fatigue responses for each group 
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Figure 17. The mean ± SD mental fatigue responses for each group 
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Figure 18. The mean ± SD muscle soreness responses for each group 
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