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Abstract 

PURPOSE:  Resistance training is recommended for all adults of both sexes.  The time-

course of muscle hypertrophy in young and older women and the arterial stiffness and 

limb blood flow responses to resistance exercise in young and older women remain to 

be elucidated.  The purpose of this study was to examine the time-course of muscle 

hypertrophy in young and older women following high-intensity resistance exercise 

training as well as to examine arterial stiffness and blood flow responses in young and 

older women to high-intensity resistance exercise training.  METHODS:  Young (aged 

18-25) and older (aged 50-64) women performed full-body high-intensity resistance 

exercise three times per week for eight weeks.  This exercise was performed on six 

different exercise machines:  leg press, chest press, leg extension, shoulder press, leg 

curl, and lat pull-down.  Exercises were alternated so that two lower body exercises or 

two upper body exercises were never performed together.  As the exercise program was 

meant to be of a high-intensity, subjects began lifting at 80% of their one repetition 

maximum and training progressed by having subjects perform three sets with ten 

repetitions performed in the first two sets and the last set being performed to “failure” 

which was defined as the inability to complete another repetition with good form.  All 

exercise was supervised and performed in the laboratory.  At two time points 

approximately three weeks apart, prior to training, measurements were performed as a 

control period and no exercise was performed between these measurements.  A single 

post-testing measurement was performed following training.  At these three 

measurement time-points, the following measurements were performed: ultrasound 

muscle and fat thicknesses at eight body sites (50% and 70% thigh and hamstring, 
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subscapular, chest, deltoid, and –fat only– visceral), thigh circumference, four 50% 

thigh skin-folds (anterior, posterior, lateral, and medial), whole body dual energy x-ray 

absorptiometry, carotid to femoral and femoral to tibialis posterior pulse wave velocity, 

blood pressure, heart rate, resting forearm blood flow, forearm reactive hyperemia, and 

two functional assessments (an upper and a lower body questionnaire) were performed.  

Additionally, once every week, the aforementioned ultrasound assessments of muscle 

and fat at seven and eight sites (respectively), thigh circumference assessment, and four 

thigh skinfolds were performed.   Also, once every two weeks, strength was assessed on 

each machine by one repetition maximum.  Upper body strength was assessed on the 

second training day of the week and lower body strength was assessed on the third 

training day of the week.  Data was analyzed with ANOVAs and post-hoc t-tests.  

Alpha was set at p<0.05.  Pre values were averaged and the average was used for 

subsequent analysis if no difference between these values was found.  RESULTS:   

Muscle thickness for all muscles, except at the subscapular site, was found to increase 

significantly (p<0.05) over time.  The first increase in muscle thickness was seen at the 

50% quadriceps, 50% hamstrings, 70% hamstrings, and deltoid sites followed by the 

70% quadriceps and chest sites.  Group differences (p<0.05) were found for the 70% 

hamstring site only.  Carotid-femoral pulse wave velocity showed a significant (p<0.05) 

group effect only with older subjects having a higher carotid-femoral pulse wave 

velocity than younger subjects.  No significant (p<0.05) effects were found for femoral-

tibialis posterior pulse wave velocity or for resting forearm blood flow.  A significant 

(p<0.05) interaction was found for peak forearm blood flow.  Total hyperemia increased 

significantly (p<0.05).  Total body mass (kg), total % fat, leg % fat, bone-free lean mass 
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of the arms (kg), bone-free lean mass of the legs (kg), functional scores, and strength all 

increased significantly (p<0.05) over time.  Fat thickness decreased significantly 

(p<0.05) over time at all sites except the chest and subscapular sites.  CONCLUSION:  

In conclusion, an increase in muscle thickness occurred early in training and followed a 

similar progression in both groups of women.  Thus, young and older women had 

similar muscular responses to the training.  Also, eight weeks of high-intensity 

resistance training improved microvascular forearm function while not changing 

carotid-femoral or femoral-tibialis posterior arterial stiffness.  These vascular responses 

to training were the same for young and older women with the exception of the greater 

peak forearm blood flow (non nitric-oxide dependent) response in the older compared to 

the young women.



1 

CHAPTER I: INTRODUCTION 

Resistance training is recommended for both men and women, young and old as 

a method of increasing strength, improving risk factors for both cardiovascular and 

metabolic diseases, and improving quality of life both psychologically and 

physiologically 
1
.  Although recommended for a wide range of people, the majority of 

research on resistance exercise has been performed on young men.  Although current 

evidence suggests that the relative quantity of hypertrophic responses do not differ 

between men and women 
2
 and that young and older women possess the same relative 

capacity for hypertrophy 
3
, information is lacking in specific areas in which younger 

and older women have not been uniquely examined.  Specifically, the time-course of 

muscle hypertrophy in young and older women has not been well-examined.  Also, any 

change in arterial stiffness and microvascular blood flow following resistance training 

in young and older women has not been well-studied.   

Time-Course of Muscle Hypertrophy 

Initial strength increases with resistance training are typically attributed to 

neural gains as hypertrophy is commonly thought not to occur until six to seven weeks 

of training 
4
.  Recent work has challenged this idea.  Seynnes et al. 

5
 found increases in 

quadriceps muscle hypertrophy following twenty days of training in seven 

recreationally active young men and two women.  DeFreitas et al. 
6
 observed an 

increase in muscle cross-sectional area (mCSA) in twenty-five young men as measured 

by peripheral quantitative computer tomography scan after just two resistance exercise 

training sessions.  DeFreitas et al. 
6
 acknowledged that this initially observed increase in 

mCSA may have been influenced by an acute post-exercise muscle swelling effect so 
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they concluded that skeletal muscle hypertrophy appears to occur around three to four 

weeks of training.  However, later work by Poole 
7
 has suggested that thigh size in 

young men returns to baseline levels within twenty-four hours following an intense 

lower-body resistance training session.  This work suggests that DeFreitas et al. 
6
 may 

have seen true hypertrophy after the two resistance training sessions as the mCSA 

measurement was taken approximately forty-eight hours after the last training session.          

A major strength of the study of DeFreitas et al. 
6
 was the performance of 

weekly hypertrophy and strength assessments.  To date, no other study has performed 

such frequent assessments in analyzing the time-course of muscle hypertrophy.  Also, to 

my knowledge, the time-course of muscle growth in a large group of women has only 

been examined in one study to date 
8
.  This study used ultrasound to assess muscle 

thickness every two weeks in twenty women (aged 25-50 years) resistance training 

three times per week for six weeks.  Abe 
8
 found increases in upper body and hamstring 

muscle thickness after four weeks of training.  Although a wide age range was used, this 

study did not compare women by age. 

Cannon 
3
 showed that young (aged 20-30 years) and older women (64-78 years) 

were capable of similar hypertrophy and strength gains after ten weeks of resistance 

training.  It has also been shown that men and women are capable of hypertrophying to 

the same relative extent following resistance training 
2
.  Studies comparing the 

responses of young and older men and women to resistance exercise training have 

found a variety of responses:  no difference in response between groups 
9,10

, less 

hypertrophy at certain sites in older individuals 
11

, and less hypertrophy in older men 

but not older women compared to younger men and women 
12

.  All of these studies 
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measured responses at baseline and following training.  A study with more frequent 

measurements of muscle size has not been performed with the exception of the 

aforementioned study by Abe et al. 
8
.  Thus, a study comparing the time-course of 

skeletal muscle size increases in younger and older women following resistance 

exercise training would provide novel knowledge. 

Women’s Arterial Stiffness and Blood Flow Responses to Resistance Exercise 

Few studies have examined the arterial stiffness response to resistance exercise 

training in women 
13-21

 and no study to date has directly compared the arterial stiffness 

response to resistance training between younger and older women.  The arterial stiffness 

response to resistance exercise training has been found to vary with some studies in 

women showing no change 
14,15,18,19

, some showing an increase 
13,22

, and some showing 

a decrease 
16,20,21

 in arterial stiffness following resistance exercise training.   

Cortez-Cooper et al. 
13

 found an increase in carotid augmentation index 

following eleven weeks of high-intensity resistance training in young women.  Other 

studies showing no change in arterial stiffness suggest that the findings of Cortez-

Cooper et al. 
13

 are due to the high-intensity nature of their training program and that 

high-intensity resistance exercise may be detrimental for the arterial health of women.  

Although this is a possibility, it is very important to acknowledge that Cortez-Cooper 
13

 

also saw a significant increase in carotid-femoral pulse wave velocity (PWV), the 

currently accepted most representative measure of central arterial stiffness 
23

, in both 

the resistance training and the non-exercising control group.  Thus, it is questionable 

whether this study truly showed an increase in arterial stiffness following training.  In 

another study, young women were divided into two groups:  a “concentric only” and an 
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“eccentric only” group.  Each group performed one phase only (concentric or eccentric) 

of the biceps curl and only this phase (concentric or eccentric) was performed for the 

entire eight weeks of training.  The researchers in this study found that brachial-ankle 

PWV increased in the concentric only group but did not increase in the eccentric only 

group 
22

.  Studies reporting a decrease 
16,20,21

 or no change 
14,18,19

 in arterial stiffness in 

women following resistance exercise training reported protocols of varying intensities 

and thus it is unclear how intensity, or any training variable for that matter, affects 

women’s arterial stiffness responses to resistance exercise training.  In men, arterial 

stiffness following resistance training has been found to increase 
17,24,25

 or show no 

change 
26,27

.  The reasons for these differences in arterial stiffness response to resistance 

training are not known in men either.   

Blood flow responses to resistance exercise training are also variable.  Very 

little work has examined limb microvascular blood flow responses to resistance exercise 

in women only and both of these studies have shown an improvement in limb 

microvascular blood flow following training 
28,29

.  Another study comparing men’s and 

women’s microvascular limb blood flow responses to resistance exercise also showed 

an improvement in women’s microvascular limb (forearm) blood flow 
19

 with training.  

In men, limb microvascular blood flow has generally been found to improve 
27,30

 

although it has also been shown to decrease 
31

.  In a study in which sex was not 

specified, no change in forearm microvascular function was found 
32

 following 

resistance exercise training.  Femoral artery blood flow has been shown to decrease 

with age in both men and women 
33-35

, however, this reduction has been found to be 



5 

absent in men who are resistance trained 
36

.  Age-related differences in women’s blood 

flow responses to resistance training remain to be elucidated. 

Study Purpose 

The purposes of this study were two-fold:  1) to measure the time-course of 

muscle hypertrophy following high-intensity whole-body resistance exercise training in 

young and older women and 2) to examine arterial stiffness and blood flow responses to 

this type of training in young and older women. 

Research Questions 

1.  During eight weeks of high-intensity resistance training, when would 

hypertrophy be evident, and at what sites (50% quadriceps and hamstrings, 70% 

quadriceps and hamstrings, deltoid, chest, and/or subscapular) would it first be 

evident, in young and older women?   

2. Following eight weeks of high-intensity resistance training, would arterial 

stiffness and blood flow changes occur and would these changes differ between 

young and older women? 

Hypotheses 

1. I hypothesized that hypertrophy would be detected three to four weeks into high-

intensity resistance training in both young and older women and that this 

hypertrophy would first be detected in the upper body and hamstrings.   

2. I hypothesized that high-intensity resistance training would not increase arterial 

stiffness and that high-intensity resistance training might have improved blood 

flow. 
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Significance of the Study 

Resistance training is recommended for both men and women, young and old as 

a method of increasing strength, improving risk factors for both cardiovascular and 

metabolic diseases, and improving quality of life both psychologically and 

physiologically 
1
.  Although recommended for a wide range of people, the majority of 

research on resistance exercise has been performed on young men.  This study provides 

useful information on the time-course of muscle hypertrophy in young and older 

women.  It is of interest to know if one group gained muscle more quickly or slowly 

than the other group.  This type of knowledge has the practical application of allowing 

those individuals performing resistance exercise to know when they may expect to see a 

change in muscle size.  This knowledge may keep women motivated to continue on an 

exercise program if they were to know that muscle size gains are occurring despite the 

possibility that the gains may not be visible to them with the naked eye.   

 Also, no study had previously directly compared young and older women’s 

arterial stiffness and blood flow responses following resistance exercise training.  As 

resistance exercise is recommended for both young and older women, as previously 

stated, it is important to know how this method of exercise affects the vasculature.  

Women of all ages are recommended to resistance train in order to improve strength, 

among other benefits 
1
.  Thus, if this type of exercise were to negatively affect the 

vasculature, it would be important to know.  Previous work has suggested that high-

intensity resistance exercise may be detrimental to the vasculature 
13

 although, as 

previously described, this study was flawed.  As women may desire to perform high-
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intensity resistance exercise, it is important to determine how this type of exercise 

training affects their large arteries and microvasculature.   

Assumptions 

1.  All subjects would answer all questionnaires truthfully.   

2. All subjects would follow guidelines for behavior prior to any testing.   

3. Subjects would not embark on extra exercise programs or make large dietary 

changes during the course of the study.   

4. Subjects would adequately nourish themselves during the course of the study. 

5. Some subjects would utilize hormonal contraceptives.  

6. Older subjects would be post-menopausal and accurately report their lack of 

hormone replacement therapy use. 

Delimitations 

1. The results of this study would only be applicable to women 18-25 and 50-64 

years of age.   

2. Subjects were not resistance trained (defined as >6 months without performing 

regular resistance exercise).   

3. Subjects were not highly endurance trained but may have performed regular low 

or moderate-intensity endurance exercise (<5 hours per week) which was 

allowed to be continued during the study.   

4. Subjects with known orthopedic or metabolic disorders which would prevent her 

from participation in the exercise program were not included.   

5. Subjects unable to commit to the full time-frame of the study were not included. 
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6. Only older subjects who were postmenopausal and not on any kind of hormone 

replacement therapy were included. 

7. Only subjects who were not hypertensive (this was allowed to be either naturally 

or under control with medication) were included. 

8. Pregnant women or women who were planning to become pregnant were 

excluded from the study. 

Limitations 

1. Diet was not controlled. 

2. Women may have attempted to lose weight due to excitement with embarkation 

on a new exercise program.   

3. Women varied in initial cardiovascular and strength profiles.   

4. Although they were advised not to do so, women may have changed aerobic 

exercise quantity/intensity during the study. 

5. Medical information and health history were obtained through self-report. 

Operational Definitions 

Muscle thickness – The thickness of the muscle as assessed by ultrasound imaging and 

measuring the distance from the bone-muscle interface to the muscle-fat interface. 

Fat thickness – The thickness of the fat as assessed by ultrasound imaging and 

measuring the distance from the muscle-fat interface to the fat-skin interface.   

Skinfolds – A bi-layer of skin as measured using standard body composition assessment 

calipers. 

Pulse wave velocity – The gold standard assessment of arterial stiffness; this measures 

the speed with which the pulse wave travels through the large arteries. 
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Applanation tonometry – The flattening of the artery in order to obtain a pressure wave; 

the technique is used to assess pulse wave velocity.  

Resting forearm blood flow – The forearm microvascular response at rest to minimal 

(50 mmHg) intermittent venous occlusion. 

Forearm total hyperemia – The total (area under the curve) increase in blood flow seen 

following deflation of a blood pressure cuff worn on the upper arm and inflated for five 

minutes. 

Forearm peak hyperemia – The peak blood flow value seen following deflation of a 

blood pressure cuff worn on the upper arm and inflated for five minutes.   

Strain-gauge plethysmography – The utilization of a mercury-filled strain-gauge and 

blood pressure cuffs in order to obtain the measurements of resting blood flow, total 

hyperemia, and peak hyperemia. 

One-repetition maximum – The exercise-specific greatest amount of weight that can be 

lifted through a full range of motion with proper form.  

Dual-energy x-ray absorptiometry – A low energy x-ray device used to quantify fat, 

bone-free lean body mass, and bone mineral content. 

Bone-free lean body mass – Total body mass minus bone mineral content. 
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CHAPTER II: LITERATURE REVIEW 

Introduction 

Resistance training is recommended for both men and women, young and old as 

a method of increasing strength, improving risk factors for both cardiovascular and 

metabolic diseases, and improving quality of life both psychologically and 

physiologically 
1
.  In the following review, the importance of resistance training will 

first be discussed.  The loss of muscle mass with age, known as sarcopenia, makes 

resistance training extremely important for this population 
37,38

.  Thus, this condition 

and resistance training’s ability to improve this condition will be the focus of this 

section (although the benefits of resistance training for young adults will be discussed 

as well).  Next, a review of the relative contributions of neural versus hypertrophic 

factors to strength gains will be examined.  The influence of age and gender on these 

factors will then be discussed.   

The review will then shift from muscular literature to focus on the relevant 

literature behind the cardiovascular questions of the present study.  A brief review of 

the prevalence of cardiovascular disease and the importance of combating this disease 

will be presented.  Next, the importance of arterial stiffness measurements as they relate 

to cardiovascular disease will be discussed.  Following this, the importance of 

peripheral blood flow measurements as they also relate to cardiovascular disease will be 

discussed.  Finally, the literature relating to arterial stiffness responses to resistance 

exercise and peripheral blood flow responses to resistance exercise will be examined.                 
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Importance of Resistance Exercise Training  

 With age, older adults lose muscle size and strength.  It has been estimated that 

between the second and eighth decade of life, total lean body mass decreases by 

approximately 18% in men and 27% in women 
39

.  Others have suggested that muscle 

mass declines by around 6% per decade after mid-life 
40

.  Still others report the rate of 

muscle mass loss as an annual loss of 1-2% starting after age 50 
41

.  This loss of lean 

body mass would clearly impair daily activities of older adults and contributes to a low 

functional capacity and possibly to recurrent falls 
42

.  These functional declines are due 

to loss of muscle mass itself as well as due to neural impairments that occur with aging 

43,44
.  The term for the loss in muscle mass with age is “sarcopenia” and this condition is 

generally diagnosed by assessing appendicular skeletal muscle mass (by dual energy x-

ray absoptiometry) and dividing the total of this appendicular skeletal muscle mass by 

height squared 
45

.  Once this ratio has been determined, various cut-off points, that 

differ by sex, have been proposed for determining the official diagnosis of sarcopenic 

45
.  Some have suggested that only the loss of muscle mass be called “sarcopenia” while 

the loss of muscle strength should be termed “dynapenia;” the reason given for using a 

separate term for the loss of strength is that the loss of muscle mass and strength with 

age may follow separate progressions and thus should not be defined as the same 

condition 
46

.  As the term “dynapenia” is still not in as common usage as the term 

“sarcopenia,” through the rest of this review, the term “sarcopenia” will be used to 

mean both the loss of muscle mass and strength.  Whatever the term/s given to the loss 

of muscle mass and strength with aging, it is clear that these are conditions significantly 
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impacting the well-being of older adults and interventions that could combat these 

conditions must be tested and implemented if found effective. 

 Fortunately, effective interventions do exist to assist with delaying the 

progression of sarcopenia.  Exercise has been found to be very beneficial for older 

adults to perform 
1
.  It has been suggested that resistance exercise particularly may be 

most important for delaying the decrements in muscle mass and function seen with age 

37,38,47
.  One review of sixty-two trials of progressive resistance exercise studies 

performed in older adults found that in most of the studies examined, progressive 

resistance exercise improved strength and modestly improved functional abilities (as 

assessed by measures such as gait speed).  This review also noted that, across these 

sixty-two trials, adverse events were poorly reported; although this may mean that few 

adverse events occurred, it also leaves those interpreting the results without a clear idea 

as to the relative safety of these activities for older adults 
48

.  A Cochrane Database 

review reported similar findings.  This review examined the effects of progressive 

resistance training on one-hundred and twenty-one studies and found a large, positive 

effect of this type of training on muscle strength, a modest improvement in gait speed, a 

moderate to large effect for improvements getting out of a chair, and also reported that 

adverse events were not well reported in these studies.  This review did mention that 

adverse events that were reported tended to be minor and included generally minor 

complains such as muscle soreness and joint pain 
49

.  Thus, it appears that resistance 

exercise is an effective, and, based on current evidence, generally safe method by which 

sarcopenia can be positively influenced.     
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 However, it has been suggested that, to most effectively combat sarcopenia, 

nutritional interventions should be combined with progressive resistance exercise 
38,50

.  

The reason for this suggestion is that older adults may have impaired regulation of 

appetite 
51

, the muscles of older adults may be less able to effectively utilize dietary 

protein, and also older adults may not be able to respond as effectively to resistance 

exercise as compared to younger adults; thus, it may be beneficial for older adults to 

consume an elevated amount of dietary protein and/or calories.  This resistance to 

resistance exercise and/or dietary protein induced muscle protein synthesis in older 

adult has been termed the “anabolic resistance of aging” 
50

.  To counteract this anabolic 

resistance of aging, it is recommended that older adults consume approximately 20 g of 

protein with each of at least three meals throughout the day 
52

.  It is further 

recommended that this protein be leucine-rich as this amino acid appears central to the 

muscle protein synthetic response 
50

.   

Another dietary strategy that may help counteract the anabolic resistance of 

aging is the increased ingestion of omega-3 fatty acids.  Although this is a less well-

studied nutritional intervention than increased protein ingestion, it has been shown that 

increased ingestion of omega-3 fatty acids in the elderly may increase muscle protein 

synthesis 
53

.  Supplements added to the diet have also been suggested to delay the 

progression of sarcopenia; particularly, creatine, in combination with resistance 

training, has been suggested to improve muscle strength in older adults 
54

.  Antioxidant 

supplementation, hormone therapies 
38

 and/or non-steroidal anti-inflammatory drugs 
50

 

may also prove promising as therapeutic modalities to counteract sarcopenia. 
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 Although by definition, younger adults cannot have sarcopenia, resistance 

exercise training is also very important for the muscular health of younger adults and 

can improve muscle size and strength 
55

.  As, clearly, younger adults will eventually 

become older adults, it is beneficial for them to develop and maintain muscle mass and 

strength so as to offset the eventual decline in muscle mass and strength that will occur 

with old age 
56

.  Further, increased muscle mass has been proposed to improve immune 

function, improve glucose uptake, and improve bone development 
56

.   

Similarly to older adults, younger adults can employ certain dietary strategies to 

enhance their benefits from resistance exercise.  Consumption of a high-quality protein 

source helps with muscle anabolism in younger adults as well as older adults.  For 

example, milk protein has been shown to be superior to soy protein for muscle protein 

synthesis when consumed in young adults 
57

.  Also, similarly to older adults, 

supplemental strategies can help increase muscle mass and function in younger adults.  

Creatine supplementation has been regularly shown to improve muscle mass and 

strength 
58

.  Many other supplements such as beta-hydroxy beta-methyl butyrate, 

chromium, vanadyl sulfate, boron, dehyoepiandrosterone, and others have been 

purported to enhance muscle growth with exercise, although findings of the benefits of 

these supplements are very inconsistent 
59

.          

The Contributions of Neural Factors and Hypertrophy to Strength Gains 

Initial strength increases with resistance training are typically attributed to 

neural gains as hypertrophy is commonly thought not to occur until six to seven weeks 

of training 
4
.  These neural gains include adaptations throughout the entire nervous 

system such as improved synchronicity in motor unit firing, reduced bilateral deficit, 
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reduced antagonist muscle activity 
4,60

 and increased activation in supraspinal centers 
61

.  

One study had young men perform isokinetic resistance training nine times over thirteen 

days by doing ten sets of five maximal isokinetic knee extensions with the right leg only 

at each training session.  Thigh muscle cross-sectional area was assessed by magnetic 

resonance imaging and quadriceps femoris strength was assessed both isometrically and 

isokinetically at 60-240 degrees per second on the same dynamometer on which the 

subjects trained.  The authors found significant increases in both isometric and 

isokinetic strength following training, but found no increases in muscle hypertrophy 
62

.  

Thus, this study suggests that during these thirteen days over which resistance exercise 

training occurred, the measured increase in strength occurred due to neural factors 

alone.  Another study had young women resistance train for ten weeks performing 

unilateral concentric only or eccentric only knee extension training.   Training was 

performed for three days each week and consisted of three sets of ten repetitions.  

Strength was assessed on a dynamometer and thigh muscle cross-sectional area was 

assessed using magnetic resonance imaging.  Electromyography was used to assess 

neural activation.  The study found that increases in muscle hypertrophy were slightly 

greater following eccentric only compared to concentric only training and that 

hypertrophy increases are very specific to the type of training performed.  This study 

also found that electromyography activity increased, in the muscle group trained, 

following training 
63

.  Thus, from this study it can be concluded that both neural 

adaptations and hypertrophy contributed to the strength increases seen with training.  A 

further study looking at the relationship between neural and hypertrophic contributions 

to strength gains with resistance training examined the idea that endurance training may 
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interfere with gains induced from resistance training 
64

.  This study used two groups:  

one group that performed resistance exercise only and one group that performed both 

resistance and endurance exercise.  Both of the resistance exercise groups performed 

strength/power resistance exercise for two days per week for twenty-one weeks and the 

resistance exercise consisted of two exercises for the leg extensors and four to five 

exercises for the other main muscle groups; subjects performed ten to fifteen repetitions 

per set and performed three to four sets of each exercise.  Strength was assessed using 

one-repetition maximums and isometric assessments; neural activity was assessed with 

electromyography, and muscle cross-sectional area was assessed using magnetic 

resonance imaging and muscle fiber size was assessed using muscle biopsies.  

Assessments were performed every seven weeks.   The authors reported large increases 

in electromyographical activity of the leg extensors (in both groups) as well as increases 

in strength, muscle cross-sectional area, and muscle fiber areas 
64

.  The earliest 

measurements made in this study, after baseline measurements, were at seven weeks of 

training; thus, it can be concluded that at this stage of training, both neural and 

hypertrophic adaptations contributed to the increases in strength seen with training.  

Interestingly, the addition of aerobic training to this resistance training did not appear to 

greatly influence the results.   

Recent work has suggested that muscle hypertrophy may occur earlier than 

previous thought.  Seyennes et al. 
5
 performed a study to examine the time-course of 

early muscular adaptations to high-intensity resistance exercise in young men and 

women.  These subjects performed bilateral leg extension three times per week on a 

flywheel ergometer.  Exercise consisted of three sets of seven submaximal warm-up leg 
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extensions followed by four sets of seven maximal concentric and eccentric 

contractions.  Subjects were measured at baseline, following ten days of training, 

following twenty days of training, and following the entire thirty-five days of training.  

Knee extension maximum voluntary contraction, electromyography activity of the 

vastus lateralis and quadriceps femoris, and whole thigh muscle and individual muscle 

cross-sectional area as assessed by magnetic resonance imaging were assessed.  A 

significant increase in knee extension maximum voluntary contraction was found after 

only ten days of training.  Electromyographic activity increased progressively 

throughout the training.  Whole thigh muscle, vastus lateralis, vastus medialis, and 

rectus femoris cross-sectional area increased after twenty days of training while vastus 

intermedius cross-sectional area increased only after the full thirty-five days of training 

5
.  This study showed that increases in muscle strength occurred relatively early on in 

the training program and that both hypertrophy and neural factors contributed to this 

increase in muscle strength 
5
.       

Another study that examined the time-course over which hypertrophic 

contributions to strength gains occurred was performed by DeFreitas et al. 
6
.  In this 

study, young men performed high-intensity strength training for eight weeks.  The 

strength training consisted of three exercises:  incline leg press, leg extension, and 

bench press.  For each of these exercises, three sets to failure were performed with the 

load set so that subjects would likely reach failure within eight to twelve repetitions.  

The assessments in this study included peripheral computed tomography scanning of 

the thigh for assessment of muscle cross-sectional area and isometric strength 

assessments of the dominant leg’s leg extensors performed on a dynamometer.  This 
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study found significant increases in thigh muscle cross-sectional area after just two 

training sessions although, interestingly, it was not until week four that significant 

increases above baseline in muscle strength were seen 
6
.  Increases in muscle cross-

sectional area were seen throughout the entire training period.  In this study, the authors 

speculated that muscle swelling may have led to erroneous early detection of 

hypertrophy, and thus, they concluded that true hypertrophy probably did not occur 

until three to four weeks of training as that was when the strength increase was seen 
6
.  

From this study, it can be concluded that increases in muscle size are detectable early in 

a training program although caution must be exercised when determining the true cause 

of the increase in muscle fiber size.  

A recent work supports the idea that the findings of Defreitas et al. 
6
 may reflect 

true hypertrophy rather than merely muscle swelling.  Poole 
7
 had young men perform 

single bouts of intense resistance exercise and then measured, via ultrasound and 

peripheral quantitative computed tomography, changes in muscle size.  In this study, 

subjects completed three sets of eight to ten repetitions on the leg press, leg extension, 

and leg curl machines.   His findings showed that thigh muscle size in young men 

returned to baseline levels within twenty-four hours following this intense lower-body 

resistance training session 
7
.     

The time-course of muscle thickness changes in a group of women was 

examined by Abe et al. 
8
.  In this study, both men and women aged 25-50 years were 

examined as they performed high-intensity strength training three days per week for 

twelve weeks using either one set or three sets of resistance exercise “until they became 

fatigued” which it appears was meant to occur between eight and twelve repetitions.  
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The exercises performed were the knee extension, knee flexion, chest press, seated row, 

elbow flexion, and elbow extension.  One-repetition maximums for the chest press and 

the knee extension were performed on the exercises on which the subjects trained and 

muscle thickness was assessed using B-mode ultrasound.  In the results, the two groups 

of men and women (performing one set or performing three sets) are grouped together.  

Significant increases in chest press strength and knee extension strength were seen in 

the women following four weeks of training.  In the men, a significant increase in chest 

press strength was seen following six weeks of training and a significant increase in 

knee extension strength was seen following two weeks of training 
8
.  Significant 

increases in muscle thickness for women were as follows:  biceps increased at eight 

weeks, triceps and chest increased at six weeks, 70% hamstrings increased at eight 

weeks.  No other significant muscle thickness increases were seen in women.  

Significant muscle thickness increases for men were as follows:  biceps increased at 

four weeks, triceps increased at eight weeks, 50% and 70% hamstrings increased at six 

weeks.  No other significant increases in muscle thickness were seen in men 
8
.  From 

this study, it can be concluded that significant increases in muscle thickness are 

detectable early into a training program, even in women, and that these increases in 

thickness vary importantly by the location of the measurement site.       

Influence of Age and Gender on Resistance-Training-Induced Muscle 

Hypertrophy 

Cannon 
3
 showed that young (aged 20-30 years) and older women (64-78 years) 

are capable of similar hypertrophy and strength gains after resistance training.  In this 

study, subjects performed ten weeks of resistance exercise three times per week using 
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three sets of ten repetitions for leg extension and leg flexion at an intensity between 

50% and 75% of one-repetition maximum.  Muscle strength was assessed every two 

weeks using peak isometric torque on a dynamometer.  Muscle size was assessed with 

magnetic resonance imaging before and after training and surface electromyography on 

the vastus lateralis and vastus medialis of the right thigh was used to assess neural 

activity and was performed every three weeks.  In this study, both young and older 

women showed significant increases in peak isometric torque, muscle cross-sectional 

area, and neural activation and these responses did not significantly differ between age 

groups 
3
.  From this study it can be concluded that young and older women possessed 

similar capacities to increase muscle size, neural activation, and strength.                

It has also been shown that men and women are capable of hypertrophying to 

the same relative extent following resistance training 
2
.  This study examined young 

men and women and had them resistance train three days per week for sixteen weeks 

using one to three sets of “a variety of weight training exercises involving flexion and 

extension of the arms and legs performed with free weights and weight machines” 
2
.  

Subjects exercised at between 70% and 90% of one-repetition maximum and performed 

as many repetitions as possible for each set.  One-repetition maximum tests were 

performed every two weeks to assess strength.  Computed axial tomography of the thigh 

and arm were used to assess muscle cross-sectional area.  This study found that 

increases in muscle size and strength were larger in men than in women following 

training, but that women had the same relative capacity to hypertrophy 
2
.        

Studies comparing the responses of young and older men and women to 

resistance exercise training have found a variety of responses.  Ivy et al. 
65

 examined the 
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muscle quality of young men (20-30 years), young women (20-30 years), older men 

(65-75 years), and older women (65-75 years) after nine weeks of strength training.  

Muscle quality was determined as quadriceps one-repetition maximum strength divided 

by muscle volume as assessed by magnetic resonance imaging.  This study found that 

all groups improved their muscle strength, volume, and quality with training and that 

muscle quality was most greatly increased in young women compared to the other three 

groups 
65

.  Thus, from this study it appears that both age groups and sexes are able to 

increase muscle quality with resistance exercise training and this improvement may be 

the greatest in young women as compared to older women, older men, and young men.  

Another study also examining the question of how young and older men and women 

increase muscle size in response to strength training was performed by Roth et al. 
9
.  

This study examined young and older men and women of the same ages as in the study 

by Ivy et al. 
65

.  These men and women performed a six-month whole body resistance 

exercise training program where they trained with nine exercises for three days per 

week.  The repetition and set scheme varied through the course of the training program.  

Thigh and quadriceps muscle volume were assessed using magnetic resonance imaging.  

All groups increased these measures significantly and no changes were found between 

groups 
9
.  This study supports the findings of the study by Ivy et al 

65
 in showing that all 

groups were able to hypertrophy in response to resistance exercise training.  Another 

study examining age-related differences in muscular and neural responses to resistance 

training examined younger men (aged 42+2 years), younger women (aged 39+3 years), 

older men (aged 72+3 years), and older women (aged 67+3 years) 
12

.  These subjects 

strength trained for six months in a varied program that combined heavy-resistance and 
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“explosive” strength training.  Muscle cross-sectional area of the quadriceps femoris 

was assessed using an ultrasound scanner; electromyographic activity of the quadriceps 

muscles was also assessed; strength was assessed using a dynamometer to determine 

maximal isometric and dynamic strength of the knee extensors 
12

.  All groups except the 

older men showed a significant increase in leg extensors muscle cross-sectional area.  

Both female groups saw greater relative increases in strength compared to the male 

groups.  All groups saw increases in neural activation with training 
12

.  To summarize, 

this study saw some differences in responses that seemed to be dependent on age and/or 

gender.  Thus, there is disagreement between studies on how age and gender will affect 

resistance-training induced muscle hypertrophy.              

Cardiovascular Disease 

 Cardiovascular disease is currently the leading causes of death in both men and 

women in the United States 
66,67

.  The term “cardiovascular disease” includes coronary 

artery disease, cerebrovascular disease, peripheral artery disease, rheumatic heart 

disease, congential heart disease, deep vein thrombosis, and pulmonary embolism 
67

.  

According to combined statistics by the American Heart Association, the Centers for 

Disease Control and Prevention, and the National Institutes of Health published in 2012 

for the year 2008, greater than 1 in 3 adults (or an estimated 82,600,000 people) 

currently have cardiovascular disease.  These groups also reported that the overall rate 

of death attributable to cardiovascular disease was 244.8 per 100,000 with rates of 287.2 

per 100,000 for white males, 390.4 per 100,000 for black males, 200.5 per 100,000 for 

white females, and 277.4 per 100,000 for black females 
68

.  It is estimated that 33.5% of 

adults (at least 20 years of age) in the United States have hypertension and this 
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prevalence has been found to be equal between men and women 
68

.  There are many 

risk factors for cardiovascular disease including family history and genetics, 

smoking/tobacco use, abnormal blood lipids, physical inactivity, being overweight or 

obese, and being diagnosed with diabetes mellitus 
68

.        

Importance of Measuring Arterial Stiffness 

 Arterial stiffness is known as an independent predictor of cardiovascular disease 

69
.  It is well-known that increases in resting blood pressure will increase the risk of 

cardiovascular disease 
70,71

.  Increased stiffness of the arteries contributes greatly (and 

may be the greatest contributor) to this increased pressure 
23

.  As the arteries become 

detrimentally remodeled and more load is carried by the stiff collagen fibers rather than 

the more compliant elastin fibers, the stiffness of the arteries increases 
72

.  With age, 

both the intima and media layers of the arterial wall change so as to rely more on 

collagen and less on elastin to bear load and thus these alterations contribute to 

increases in arterial stiffness seen with age 
72

.  Also contributing to arterial remodeling, 

leading to increases in arterial stiffness, are arterial wall calcification and accumulation 

of advanced glycation end products 
73,74

.  Arterial stiffness is thus a valuable 

physiological property to assess.     

If arterial stiffness is to be used clinically as a marker of cardiovascular disease, 

it is important that the measurement of arterial stiffness be performed using a relatively 

simple (non-invasive) procedure.  Many non-invasive methods have been developed 

and currently exist in order to measure arterial stiffness and, as these methods are not 

always in agreement with each other 
75

, a “gold standard” method, known as pulse wave 

velocity, has been determined 
69,76

.  Pulse wave velocity is considered the “gold 
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standard” as it is generally accepted as the most simple, reproducible, and non-invasive 

method of determining arterial stiffness 
76

.   

Measurement of central pulse wave velocity, also known as carotid-femoral 

pulse wave velocity, is the most clinically relevant pulse wave velocity measurement as 

the aorta and aortic branches most directly interact with the left ventricle.  (Although 

carotid-femoral pulse wave velocity is obtained from pressure waves obtained at the 

carotid pulse and the femoral pulse, the over-body distance measurements are 

performed so as to provide a pulse wave velocity value for the aortic-iliac pathway) 
76

.  

Difficulties in obtaining an accurate measurement of carotid-femoral pulse wave 

velocity may occur, however, particularly when a subject has a large bust or suffers 

from obesity; both of these conditions make obtaining accurate over-body distance 

measurements as well as femoral tonometry readings more difficult to obtain 
76

.   

Although, as previously stated, elevated central arterial stiffness is an 

independent predictor of cardiovascular disease risk, the physiological importance of 

peripheral arterial stiffness is still relatively unknown and debated 
75,76

.  In an analysis 

of 2,798 subjects, it was found, perhaps counter intuitively, that increased aortic 

stiffness was a much greater predictor of even peripheral artery disease than were 

measurements of peripheral arterial stiffness 
75

.  Another study showed that only 

elevated aortic stiffness, and not peripheral arterial stiffness, predicted cardiovascular 

disease deaths in hemodialysis patients 
77

.  As would be expected by this lack of 

cardiovascular disease predictive ability by peripheral stiffness measurements, despite 

established predictive ability of cardiovascular disease by central stiffness 

measurements, there is heterogeneity of stiffness throughout the arterial tree:  the more 
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muscular and less elastic peripheral arteries are generally stiffer than the more elastic 

central arteries.  Laurent et al. 
76

 stated that normal human pulse wave velocity values 

may change from 4-5 m/s in the ascending aorta to 5-6 m/s in the abdominal aorta to 8-

9 m/s in the iliac and femoral arteries.  As the arterial tree branches from the more 

proximal to the more distal arteries, the stiffness of the vessels increases 
76

.  Although 

measurement of peripheral arterial stiffness is arguably much less important than 

measurement of central arterial stiffness, it is still of interest to examine these changes 

in response to interventions in an attempt to ascertain any regional (arm or leg) 

beneficial or detrimental effects.           

Importance of Peripheral Blood Flow Measurements 

 Impaired limb blood flow is a contributor to the metabolic syndrome and is 

implicated in impaired cardiovascular function 
78

.  Decreased basal limb blood flow has 

been associated with reduced lipoprotein clearance 
78

 and appears to contribute to 

insulin resistance 
79

.  Depressed ability of the limb microvasculature to vasodilate in 

response to a stimulus (reactive hyperemia) has also been suggested to be a predictor of 

cardiovascular disease 
80

.   

The reactive hyperemia response is both dependent on nitric oxide actions on the 

endothelium and on non-nitric oxide, as yet unknown, factors.  It is thought that the 

late-phase vasodilatory response is nitric oxide dependent while the early response, 

reflected in the measurement of peak reactive hyperemia, reflects the response due to 

the as yet unknown mechanisms 
81

.  Endothelial dysfunction occurs when there is 

excessive inflammation, abnormal vasomotor function, impaired structural integrity of 

the endothelium, and impaired nitric oxide synthesis, release, and bioavailablity 
82

.  
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Although nitric oxide is the largest contributor to endothelial vasodilation, other factors 

such as prostacyclin and endothelium-derived hyperpolarizing factor contribute as well 

83
. 

As the cardiovascular system ages, limb blood flow has generally been found to 

decrease 
33

 although it appears that resistance exercise training can ameliorate this 

impaired limb blood flow in older adults 
36,84

.  These improvements in basal limb blood 

flow following resistance exercise have been seen even in the absence of increases in 

limb muscle mass, suggesting that factors other than the need to provide blood flow to a 

resistance-exercise-induced greater quantity of muscle mass influence the increase in 

blood flow 
85

.   

Many techniques exist to measure basal limb blood flow and reactivity.  The 

most commonly used technique that is used to assess endothelial function is flow 

mediated dilation performed with an ultrasound system 
83

.  Another commonly used 

technique is strain gauge plethysmography, also known as venous occlusion 

plethysmography.  This is the oldest technique (developed over 100 years ago) used for 

these purposes 
86

.  Both vascular ultrasound and strain-gauge plethysmography can also 

be used to assess basal limb blood flow.       

Resistance Exercise Training and Arterial Stiffness  

 The effects of resistance exercise training on the stiffness of the arteries has 

been shown to vary with some studies showing an increase in stiffness 
13,22,25

, some 

studies showing a decrease in stiffness 
16,21

 and some studies showing no change in 

stiffness 
18,28

 following training.  These studies have varied in the age studied, the 

intensity of the training, the duration of the training, and the arterial stiffness 
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measurement used.  As the present study examined women only, studies performed on 

women will be the focus of this section.   

 Cortez-Cooper et al. 
13

 found an increase in both carotid-femoral pulse wave 

velocity and carotid augmentation index following eleven weeks of high-intensity 

resistance training in women aged 29+1 years.  They also found no change in femoral-

tibialis posterior pulse wave velocity following this training.  Other studies showing no 

change in arterial stiffness suggest that the findings of Cortez-Cooper et al. 
13

 are due to 

the high-intensity nature of their training program and that thus high-intensity resistance 

exercise may be detrimental for the arterial health of women.  Although this is a 

possibility, it is very important to acknowledge that Cortez-Cooper 
13

 also saw a 

significant increase in carotid-femoral pulse wave velocity in both the resistance 

training group and the non-exercising control group.  The augmentation index did not 

increase in the control group as it did in the resistance training group, but pulse wave 

velocity is considered the “gold standard” in arterial stiffness assessment 
23

.  Thus, it is 

questionable whether this study truly showed an increase in arterial stiffness following 

training.  Another study showing an increase in arterial stiffness following training 

assessed brachial-ankle pulse wave velocity in subjects with a mean age of 19 years 

who trained at a moderate intensity for eight weeks 
22

.  In this study one group 

performed only concentric exercise and one group performed only eccentric exercise.  

The group that performed the concentric exercise only saw an increase in arterial 

stiffness while the group that performed the eccentric exercise only saw no change in 

arterial stiffness 
22

. 
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 Decreases in arterial stiffness following resistance exercise training have also 

been found.  A study of 42-55 year old women who performed low-intensity home-

based resistance exercise training for ten weeks found that brachial-ankle pulse wave 

velocity decreased 
16

.  Another study of 60-75 year old women who performed 

moderate intensity resistance exercise for sixteen weeks showed a decrease in 

augmentation index 
21

.  Ho et al. 
20

 found that, when they examined mean values, 

augmentation index did not change in overweight and obese women aged 43-59 years 

who resistance trained at a high intensity for twelve weeks.  Interestingly, in this study, 

the researchers then divided the subjects into “responders” and “non-responders”.  

Eleven out of the sixteen women in the study were “responders” meaning they showed a 

decreased augmentation index following training.  The reasons for the differences 

between the responders and non-responders was unclear 
20

.   

 Finally, several studies have shown no change in arterial stiffness following 

training.  The aforementioned study by Ho et al. 
20

 found no change in arterial stiffness 

when mean values were examined.  Another study resistance trained women aged 32-59 

years at a moderate intensity for twelve weeks and found no change in either carotid-

femoral pulse wave velocity or femoral-tibialis posterior pulse wave velocity 
18

.  Collier 

et al. 
19

 had similar findings after resistance training pre-hypertensive and hypertensive 

women aged 40-60 years at a moderate intensity for four weeks.  They found no change 

in carotid-femoral pulse wave velocity.  Another study strength trained overweight and 

obese 35-50 year old women at a moderate intensity for twelve weeks and found no 

change in augmentation index following training 
28

. 
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The underlying reasons behind the discrepancies in findings related to women’s 

arterial stiffness responses to resistance training are unclear.  Men’s arterial stiffness 

responses to resistance training are likewise varied with some studies showing an 

increase in stiffness 
17,24,25

 and some showing no change in stiffness 
26,27

.  Hopefully 

future research will be able to identify any possible training-related or subject 

characteristic-related factors contributing to these discrepancies in findings.        

Resistance Exercise Training and Peripheral Blood Flow 

Blood flow responses to resistance exercise training are also variable.  Very 

little work has examined limb microvascular blood flow responses to resistance exercise 

in women only and these studies have shown an improvement in limb microvascular 

blood flow (assessed with strain-gauge plethysmography) following training 
28,29

.  

Egana et al 
29

 strength trained women aged 59-79 at a moderate intensity for twelve 

weeks using elastic-band based training.  They assessed resting calf blood flow using 

strain-gauge plethysmography and found an increase in blood flow 
29

.  Another study 

strength trained women aged 35-50 for twelve weeks at a moderate intensity and, using 

strain-gauge plethysmography, found an increase in resting forearm blood flow and 

peak forearm reactive hyperemia 
28

.       

Another study comparing men’s and women’s microvascular limb blood flow 

responses to resistance exercise also showed an improvement in women’s 

microvascular limb (forearm) blood flow 
19

 with training.  This study resistance trained 

pre-hypertensive and hypertensive women aged 40-60 at a moderate intensity for four 

weeks and found, using strain-gauge plethysmography, that both resting forearm blood 

flow, peak forearm blood flow in response to reactive hyperemia, and total blood flow 
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in response to reactive hyperemia increased following training 
19

.  In men, limb 

microvascular blood flow has generally been found to improve 
27,30

 although it has also 

been shown to decrease 
31

.  In a study in which sex was not specified, no change in 

forearm microvascular function was found 
32

 following resistance exercise training.  

Femoral artery blood flow has been shown to decrease with age in both men and 

women 
33-35

, however, this reduction has been found to be absent in men who are 

resistance trained 
36

.  Age-related differences in women’s blood flow responses to 

resistance training remain to be elucidated   

Summary 

 Research has shown that both young and older individuals are able to respond 

positively to resistance exercise training.  Also, it is possible that hypertrophy induced 

by resistance exercise training may occur earlier than previous thought.  However, 

studies are inconsistent in their findings of age and gender differences in this 

hypertrophy in response to resistance exercise training.   

 Research also shows that central arterial stiffness and peripheral microvascular 

measurements are reliable indicators of cardiovascular disease risk.  In response to 

resistance exercise training, central arterial stiffness may increase, decrease, or show no 

change while peripheral microvascular function has generally been shown to improve.       
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CHAPTER III:  METHODOLOGY 

The main purpose of this study was 1) to measure the time-course of muscle 

hypertrophy following whole-body resistance exercise training in young and older 

women and 2) to examine arterial stiffness and microvascular responses to this type of 

training in young and older women. 

Subjects 

Forty-four subjects consented to participate.   Six subjects decided to not 

participate prior to any testing or training.  Nine subjects decided not to participate 

following pre-testing or following some exercise training.  The major reason for 

choosing not to participate following consent and/or testing and training was the time 

commitment.  Twenty-nine subjects (young = 16; older = 13) completed both testing 

and training.  Young subjects were aged 19-25 (mean = 22 years).  Older subjects were 

aged 51-62 (mean = 57 years).  Subjects were recruited by fliers, visiting classrooms, 

and word of mouth.  All subjects were screened for inclusion and exclusion criteria and 

then had a resting blood pressure taken by the investigator to assure their non-

hypertensive status.   Subjects were thoroughly informed of the details of the study prior 

to signing an Institutional Review Board approved “Informed Consent” document.   

Older subjects were required to obtain medical clearance from their physicians prior to 

signing an “Informed Consent” document.  (Young subjects were not required to obtain 

this clearance).  Following consent, subjects participated in a “familiarization.”  During 

this visit, subjects were familiarized with the exercise machines on which they would be 

training, were informed of the 1-RM protocol and were shown the various rooms and 

machines in which testing would take place; subjects were also encouraged to ask 



32 

questions during this visit.  This study was approved by the University of Oklahoma 

Health Sciences Center Institutional Review Board for Human Subjects. 

Inclusion Criteria 

1. Subjects were women aged 18-25 and 50-64 years. 

2. Subjects were not resistance trained (defined as >6 months without performing 

regular resistance exercise) and were not highly endurance trained but may have 

performed regular low or moderate-intensity endurance exercise (<5 hours per 

week) which was allowed to be continued during the study. 

3. Subjects had no known orthopedic or metabolic disorders which could have 

prevented them from participation in the exercise program.   

4. As previously stated, women aged 50-64 had to obtain medical clearance from 

their physician.     

5. Older subjects had to be postmenopausal and not on any kind of hormone 

replacement therapy. 

6. Subjects had to be not hypertensive (BP>140/90) either naturally or controlled 

with medication. 

7. Women had to not be pregnant or planning to become pregnant. 

Exclusion Criteria 

1) Subjects who were outside the age range.  

2) Subjects who were regularly engaging in resistance training (>6 months of 

performing regular resistance exercise) or were endurance-trained (>5 hours per 

week of moderate or heavy endurance exercise).  
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3) Subjects with known orthopedic or metabolic disorders which would have 

prevent them from participation in the exercise program.  

4) Subjects with physicians who refused to provide medical clearance. 

5) Older subjects who were not postmenopausal. 

6) Older subjects who were on any kind of hormone replacement therapy. 

7) Subjects who were hypertensive (Blood Pressure >140/90). 

8) Subjects who were pregnant or planning to become pregnant. 

Experimental Design 

Participants first visited the laboratory for a screening and consent visit.    

Following these visits, subjects came to the laboratory for their first baseline 

assessment.  Approximately three weeks during which no exercise was performed was 

allowed as a time control to quantify the stability of the measurements.  Following the 

three weeks, a second baseline measurement was performed.  The week following the 

performance of the second baseline measurements, the subjects started the resistance 

training.  Resistance training involved eight weeks of three weekly visits to the 

laboratory.  On the first visit of each week, several body composition measurements 

were performed.  Every other week, strength assessments were performed.  

Screening Visit 

 During the screening visit, subjects were screened for inclusion/exclusion 

criteria.  This was done verbally and by completion of a health status questionnaire and 

a menstrual history questionnaire.  Separate menstrual history questionnaires were 

given to premenopausal and postmenopausal women.  Subjects also had the study 

explained to them and completed an informed consent and HIPPA form at this time.  
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Following approximately thirty-five minutes of seated rest during which the medical 

history was obtained and the study was explained, subjects then had their brachial blood 

pressure taken using an automatic blood pressure cuff (Omron Healthcare Inc., Vernon 

Hills, IL).  If either systolic or diastolic blood pressure was too high (>140/90), subjects 

were instructed to relax and, following several minutes, the blood pressure 

measurement was repeated.  If blood pressure remained too high, subjects were 

excluded from the study.  If blood pressure was appropriate for inclusion, subjects were 

asked to sign the informed consent and HIPPA forms.   

Familiarization Visit 

During this visit, subjects were familiarized with all six exercise machines on 

which they would be training (leg press, leg extension, leg curl, chest press, shoulder 

press, and lat pull-down), and were informed of the 1-RM protocol.  Subjects were also 

shown the various rooms and machines in which testing would take place; subjects were 

encouraged to ask questions during this visit.  

Pre1/Pre2/Post Visits 

 During these visits, subjects had a variety of measurements performed on them:  

a full body Dual energy X-ray Absorptiometry scan, 1-RM assessments on all 

machines, brachial blood pressure, carotid-femoral and femoral-tibialis posterior pulse 

wave velocity, resting forearm blood flow, forearm reactive hyperemia, an upper body 

functional scale questionnaire, a lower body functional scale questionnaire, ultrasound 

assessment of muscle thickness (at seven sites) and fat thickness (at eight sites), thigh 

circumference, thigh skinfolds (4 sites), and weight.  Height was also assessed on the 

first visit only.  The order in which measurements were performed varied, although 1-
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RM testing was always performed last as this would affect all other physiological 

measurements if performed prior to them.       

Dual Energy X-ray Absorptiometry (DXA) 

 Whole body DXA scans were used to determine changes over time in total body 

and regional lean and fat mass.  The scan was analyzed as a whole and by compartment.  

Prior to each scan, the weight of each subject was recorded.  Prior to the first scan only, 

the height of each subject was also recorded.  Young subjects were asked to provide a 

urine sample for determination of pregnancy status.  (No subjects were found to be 

pregnant).  Following this, the subject was then instructed to remove all metal and 

plastic (if any had been worn to this visit) and to take off her shoes.  The subject then 

lay still on the DXA machine (GE Medical Systems, Lunar Prodigy encore software 

version 10.50.086, Madison, WI) while the scan was performed.  The scanning arm of 

the DXA machine moved slowly above the subject, systematically scanning her from 

head to foot.  The DXA emits low dose radiation x-rays; the difference in attenuation of 

these x-rays as they pass through body tissue is used by the DXA to differentiate 

between bone, fat, and non-bone lean tissue.  

One-Repetition Maximum (1RM) 

 The maximum amount of weight that could be lifted once was assessed on each 

machine (leg press, leg extension, leg curl, chest press, shoulder press, and lat pull-

down) using standard ACSM protocol 
87

.  This protocol was as follows:   

Step 1) The subject performed a light warm-up of five to ten repetitions at an estimated 

40-60% of perceived maximum.   
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Step 2) Following a 1-minute rest with light stretching, the subject did three to five 

repetitions at 60-80% of perceived maximum.   

Step 3) The subject should have been close to perceived 1-RM in Step 2.  A small 

amount of weight was added, and a 1-RM lift was attempted.  If the lift was successful, 

a rest period of three to five minutes was provided.  The goal was to find the 1-RM 

within three to five maximal efforts.  Clear communication regarding the difficulty or 

ease of each attempt was performed in order to determine the appropriate weight with 

which to load the machine for the next attempt.   

Step 4) The 1-RM for each exercise was recorded as the heaviest weight that could be 

lifted using a full range of motion and proper form.  

The 1-RMs were assessed in the following order:  leg press, chest press, leg curl, 

shoulder press, leg extension, lat pull-down. 

Blood Pressure (BP) 

 Blood pressure was always the first cardiovascular assessment performed.  The 

subject was asked to lie supine and to not move or talk much.  (Subjects were always 

encouraged to ask questions if unsure of what was being performed but they were asked 

to not attempt to carry on a lively conversation as this would affect cardiovascular 

measurements).   Brachial systolic (SBP) and diastolic (DBP) blood pressures were 

measured on the right arm, following approximately ten minutes of supine quiet rest, 

using an automatic BP measuring device (Omron Healthcare Inc., Vernon Hills, IL) 

while the subject was still supine.  Two BP measurements were taken and 

approximately one minute was allowed between measurements.  If SPB measurements 

were within 5 mmHg of each other, the average of the measurements was used for 
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analysis.  If the first two SBP measurements were not within 5 mmHg, further rest was 

allowed and, following several minutes, the BP measurement was repeated.   

Pulse Wave Velocity (PWV) 

 Following blood pressure assessment, pulse wave velocity (PWV), an indicator 

of arterial stiffness, was assessed using applanation tonometry (SphymoCor, AtCor 

Medical, Sydney, Australia).  Both central (carotid-femoral) and regional (femoral-

tibialis posterior) PWV were assessed.  A high-fidelity strain-gauge transducer (Miller 

Instruments, Houston, TX, USA) was placed over the right common carotid and the 

femoral artery, sequentially, to obtain pulse pressure waveforms.  Over-body distances 

from the right common carotid artery to the suprasternal notch and from the 

suprasternal notch to the femoral artery were measured using a standard tape measure.  

The carotid to suprasternal notch distance was then subtracted from the suprasternal 

notch to femoral distance to give an estimate of aortic to femoral artery distance.  The 

over-body distance from the femoral to the tibialis posterior artery was also measured 

and pulse waves were obtained at these sites as well.  Three lead electrocardiographic 

monitoring (ECG) was used as a timing marker.  Pulse wave velocity is derived from 

these measured distances and the time delay between the ECG obtained R-waves at the 

proximal and distal measurement sites (SphymoCor, AtCor Medical).   

Forearm Blood Flow and Reactive Hyperemia 

Next, forearm blood flow and reactive hyperemia were assessed.  Forearm blood 

flow measurements were measured using strain gauge plethysmography as described 

previously 
88

.  A cuff was placed on the upper arm and another cuff was placed on the 

wrist.  The wrist was slightly elevated and the upper arm was supported so that the 
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subject was not using muscular contraction to support her arm.  An appropriately sized 

strain gauge (2 cm less than the circumference of the forearm at its widest point) was 

placed around the forearm at its widest point.  Following this set-up, the wrist cuff was 

then inflated to a pressure of 200 mmHg for 1 minute.  Blood flow was measured using 

an EC6 strain gauge plethysmograph (DE Hokanson) and analyzed using NIVP3 

software.  For each measurement, the upper arm cuff was inflated to 50 mmHg for 7 sec 

followed by an 8 sec deflation (0 mmHg).  Six measurements were taken and averaged. 

Forearm reactive hyperemia was measured immediately following the blood 

flow measurements.  With the participant in the same position, the cuff on the upper 

arm was inflated to 220 mmHg for five minutes.  Four minutes after upper arm cuff 

inflation, the wrist cuff was inflated.  After the full five minutes were over, the upper 

arm cuff was rapidly deflated and forearm blood flow measurements were obtained as 

described above for three minutes following deflation (13 readings).  Peak forearm 

blood flow was recorded as the highest blood flow measured after deflation of the cuff.  

Area under the curve (AUC) for all 13 measurements was also calculated and represents 

total forearm reactive hyperemia.   

Functional Questionnaires 

Subjects completed two functional questionnaires:  the “Modified American 

Shoulder & Elbow Surgeons Rating Scale” and the “Lower Extremity Functional Scale” 

(reprinted from Brinkley, J.Stafford, P., Lott, S., Ridle, D., & The North American 

Orthopedic Rehabilitation Research Network, The Lower Extremity Functional Scale: 

Scale development, measurement properties, and clinical application, Physical Therapy, 

1999, 79, 4371-383, with permission of the American Physical Therapy Association).  
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Both of these questionnaires presented subjects with a list of daily activities (i.e. open a 

jar of food, getting into or out of bath, rolling over in bed) which they rated on a likert 

scale.  Subjects read each activity and rated, by assigning a number, how difficult it was 

for them to perform that activity.  Subjects were instructed to do their best to rate each 

activity honestly and to the best of their ability even if they were not used to performing 

that activity often (i.e. making sharp turns while running).  Each individual activity’s 

rating score was then added together to form a total.  This total was then divided by the 

total number of activity assessments in that questionnaire.  This value then became their 

average functional rating for that scale. 

Ultrasound Muscle and Fat Thickness 

Muscle and fat thickness were measured using B-mode ultrasound (Fukuda 

Denshi UF-750XT (Tokyo, Japan).  Subjects were brought into a private room where 

they were first measured with a tape measure in order to determine the location at which 

the ultrasound measurements were to be performed.  All measurements were performed 

on the right side of the body while the subject stood with her body weight evenly 

distributed on each leg.  First the investigator palpated for the greater trochanter.  This 

was done by asking the subject to hold onto the wall and to repeatedly abduct her leg 

while the investigator palpated in the general area.  Once this site was determined, the 

investigator placed the start of the tape measure on this location and brought the other 

end of the tape measure towards the knee in order to locate the lateral epicondyle.  Once 

this site was located, the investigator recorded the distance measured.  50% of this 

distance was then marked with a permanent marker on both the front and the backside 

of the thigh.  70% of this distance (meaning 70% of the distance upward from the lateral 
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epicondyle) was also marked both in both the front and the back of the thigh.  These 

locations were the sites of the 50% quadriceps, 50% hamstrings, 70% quadriceps, and 

70% hamstrings ultrasound muscle and fat thickness measurements.       

The upper body was also measured with a tape measure first in order to 

determine appropriate ultrasound measuring sites.  The subject was asked to abduct her 

right arm and the distance between the inner fold of the elbow and the acromion process 

was measured.  Two-thirds of this distance, measured upwards from the elbow, was 

marked.  The chest site was measured at two “finger-widths” above the collar bone and 

the subscapular measurement was measured at two “finger-widths” below the point of 

the scapula.  Subjects were instructed to manipulate their right arm behind their back so 

as to cause the distal point of the scapula to become apparent and this site was noted.  

Upper body muscle and fat thickness measurements were performed at the chest, 

subscapular, and deltoid sites.  A visceral fat measurement was also obtained.  This 

measurement was performed at two-thirds of the distance (upward) from the naval to 

the manubrium.  Subjects were encouraged to maintain the ultrasound location marks 

on their own although they could clearly not be forced to do this.  Approximately 60% 

of the subjects regularly re-marked the sites.  For those subjects who did not remark the 

sites, sites were re-measured at each ultrasound assessment visit.        

Once all sites were measured, subjects were instructed to stand relaxed, with 

their weight balanced, as a probe with a small amount of gel was placed over the 

various sites.  All sites were measured with the probe held horizontally.  The 

investigator was careful to hold the probe lightly and to not depress the tissue as this 

would have distorted the image.  Two images were taken at each site.  Images were 
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stored for later analysis.  Muscle thickness was determined as the distance from the 

bone to the fat layer.  Fat thickness was determined as the distance from the muscle to 

the skin.  Measurements were taken once on each image (two images per site) and the 

two measurements at each site were then averaged.        

Skinfolds and Circumference 

Four 50% thigh skinfolds (anterior, posterior, lateral, medial) were taken in 

duplicate using a Lange caliper.  A 50% thigh circumference was also measured in 

duplicate with a standard measuring tape.  The 50% location was performed at the same 

site as the 50% ultrasound measurements and was determined as described in that 

section (above).  Muscle cross-sectional area (CSA) was calculated using two methods:  

Moritani and deVries:   

  

where “Circumference” is 50% thigh circumference and “skf” refers to the thigh 

skinfold thicknesses at all four sites, and  Housh multiple regression: 

 

where “Circumference” is 50% thigh circumference and “skfA” was the anterior thigh 

skinfold 
89

. 

Bi-weekly Measurements 

One-Repetition Maximum  

 Strength was assessed every other week using the same 1-RM procedures as 

described previously in the “Pre1/Pre2/Post Measurements” section.  Upper body 
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strength was assessed on the second training session of weeks two, four, six, and eight.  

The strength was assessed on the chest press, shoulder press, and lat-pull down in that 

order.  In between these exercises, on this training day, subjects performed their 

standard lower body exercises (leg press, leg curl, leg extension) using the repetitions 

and sets for a normal day of exercise training.  Lower body strength was assessed on the 

third training session of weeks two, four, six, and eight.  The strength was assessed on 

the leg press, leg curl, and leg extension in that order.  In between these exercises, on 

this training day, subjects performed their standard upper body exercises (chest press, 

shoulder press, lat pull-down) using the repetitions and sets for a normal day of exercise 

training.  Prior to any 1-RM assessment, investigators were careful not to look at any 

previous 1-RMs for that subject so as not to bias the results.  It could not be helped if 

subjects happened to remember their previous performance, however.  Following 1-RM 

assessment, subjects were told how they had performed.  Following all training and 

testing, subjects were given a copy of their strength progression throughout the course 

of the study.    

Weekly Measurements 

 Prior to any exercise training, on the first visit of each week, a measurement 

session was performed.  All ultrasound muscle and fat thickness assessments, four thigh 

skinfolds, and a thigh circumference were performed.  The details of these 

measurements are described above in the Pre1/Pre2/Post Measurements section.     

Exercise Training Visits 

 Eight weeks of progressive resistance exercise were performed.  Subjects trained 

three times per week using six exercise machines: leg extension, leg curl, leg press, lat 
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pull-down, shoulder press, and chest press.  Exercises were not performed in the same 

order for each session although during each session lower body and upper body 

exercises were always alternated.  Subjects often performed exercises in the same order 

in which 1-RMs were assessed (leg press, chest press, leg curl, shoulder press, leg 

extension, lat pull-down), however, due to the need to train multiple subjects during 

many of the training sessions, this order was not always performed.  All exercise 

sessions were supervised by one or several of the investigators.  Sometimes several 

subjects were trained at once and sometimes a subject was trained alone.  All training 

sessions (repetitions, sets, and any special notes) were recorded by an investigator 

during the training session.     

Each exercise was performed for three total sets with approximately 60 s of rest 

between sets and between exercises.  Subjects were encouraged to push themselves.  On 

the first lower body and the first upper body exercise performed, subjects lifted at a 

light weight for ten repetitions in order to warm-up.  Initially, subjects lifted at 80% of 

1-RM.  If this weight was too heavy for a subject to complete at least eight repetitions, 

then the weight was adjusted downwards to a weight that the subject could manage.  If 

the subject completed at least eight repetitions, the weight was kept at this level.  The 

goal of the first two sets was to perform ten repetitions.  The third set was performed to 

“failure” with failure designed to occur around ten repetitions.  Subjects were strongly 

encouraged to keep performing repetitions beyond ten if this was possible for them to 

do, however.  Once a subject’s repetitions in this set exceeded 10, weight on that 

exercise was increased.  This progression continued throughout the eight weeks of 

training.  The frequency of increases in weight varied widely by individual subject and 
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by exercise machine.  For example, leg press weights increased for many subjects 

approximately every three training sessions while chest press weights often increased 

only two or three times throughout the entire eight weeks.  In general, subjects were 

able to increase weights on the leg exercises more quickly than they were able to 

increase the weights on the upper body exercises.  As these were free-living human 

subjects prone to day-to-day variations in strength and motivation, occasionally a 

subject’s weight on an exercise would be increased following one training session and 

then have to be returned to what was previously being worked at for the next training 

session if the subject could not perform the required repetitions at the new weight.  Each 

training session took approximately thirty-five to forty-five minutes.     

Data Analyses 

Repeated measures analysis of variance (ANOVA), 2 groups x 2 time-points 

was first used to assess stability of the measurements.  For measurements performed at 

only three time-points (Pre1, Pre2, Post), Pre1 and Pre2 were the time-points compared.  

For measurements performed weekly, Pre2 and Week1 (prior to first training session) 

were the time-points compared.  When no significant time effects were found, Pre1 and 

Pre2 (or Pre2 and Week1) values were averaged.  This average Pre value, was then used 

for all subsequent analyses and is referred to henceforth as simply “Pre”.  If a 

significant time effect was found between Pre1 and Pre2 values, the time closest to the 

start of training, Pre2 for Pre1/Pre2/Post measurements or Week 1 for weekly 

measurements, was used as “Pre”.  Reliability calculations were also performed on the 

cardiovascular assessments, strength assessments, total body DXA assessments, and the 
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functional assessments using standard error of the measurements, Pearson correlations, 

and Student’s t tests.       

The effect of the intervention was assessed using repeated measures ANOVA (2 

groups x 2 time-points) or, for variables that were measured weekly, repeated measures 

ANOVA (2 groups x 9 time-points).  1-RM’s were analyzed using repeated measures 

ANOVA (2 groups x 6 time-points).  Post-hoc paired sample and independent sample t-

tests were performed as necessary to decompose main effects and interactions.  For 

analyses, alpha was also set at 0.05.  All data were analyzed using SPSS for Windows 

(Chicago, Illinois).  For both pulse wave velocities, peak and area under the curve 

reactive hyperemia, and strength changes, individual responses were also examined.   

Multiple regression analysis was also performed to examine predictors of 

changes in strength from pre to post training.  For each for the six exercises, the initial 

strength on that exercise and the changes in muscle thickness that would be relevant to 

that exercise (for example, quadriceps muscle thickness as a predictor for leg press 

strength) were examined as predictors.        
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CHAPTER IV: RESULTS AND DISCUSSION 

Results 

 The purpose of this study was to compare the time-course of muscle 

hypertrophy and to examine the arterial stiffness and peripheral blood flow responses in 

young and older women to high-intensity resistance exercise training.   

Subject Characteristics 

Forty-four subjects were consented.   Six subjects decided to not participate 

prior to any testing or training.  Nine subjects decided not to participate following pre-

testing or following some exercise training.  The major reason for choosing not to 

participate following consent and/or testing and training was the time commitment.  

Twenty-nine subjects (young = 16; older = 13) completed both testing and training.  

Young subjects were aged 19-25 (mean = 22 years).  Older subjects were aged 51-62 

(mean = 57 years).  All subjects were not resistance trained (defined as >6 months 

without performing regular resistance exercise) and were not highly endurance trained 

but may have performed regular low or moderate-intensity endurance exercise (<5 

hours per week) which was allowed to be continued during the study.  All subjects had 

no known orthopedic or metabolic disorders which could have prevented them from 

participation in the exercise program.  All older subjects had obtained medical clearance 

from their physicians and all older subjects were postmenopausal and not on any kind of 

hormone replacement therapy.  The blood pressure of all subjects was below 140/90 on 

the day of the screening and all women were not pregnant of planning to become 

pregnant.  Four of the older subjects and none of the younger subjects were on blood 

pressure medication.  Two of the younger subjects were taking oral contraceptives. 
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Further characteristics of the subjects prior to any exercise training are shown in Table 

1.   

Table 1. Subject Characteristics (Before Exercise Training) 

 

Pre1 to Pre2 Measurement Stability 

 Pre1 to Pre2 measurement stability assessments are shown in Table 2.  These 

assessments include standard error of the measurement, Pearson correlations, and 

Student’s t-tests.  All of the Pearson r values were statistically significant indicating that 

the Pre1 and Pre2 values were highly correlated.  This indicates that the rank of subjects 

on each value remained fairly constant, however, Pearson r values cannot detect 

systemic error.  Student’s t tests were used to compare means between Pre1 and Pre2 

and it was found that %fat, fat total, and lean total mean values were statistically 
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significant between Pre1 and Pre2.  This shows that these values were subject to 

variability from Pre1 to Pre2.  The standard error of the measurements varied by 

measurement.  The standard error of the measurement quantifies the precision of 

individual measurements and the value is reported in the units in which the 

measurement is reported.  For example, the standard error of the measurement for heart 

rate has a value of “1” which represents 1 bpm while the standard error of the 

measurement for diastolic blood pressure is “5” which represents 5 mmHg.  Systolic 

blood pressure’s standard error of the measurement was higher than diastolic blood 

pressure’s standard error of the measurement.  Femoral-tibialis posterior pulse wave 

velocity’s standard error of the measurement was higher than carotid-femoral pulse 

wave velocity’s standard error of the measurement.  The standard error of the 

measurement for the three DXA-assessed body composition variables that the Student’s 

t tests showed were statistically significantly different from each other were higher than 

the standard error of the measurement for bone mineral content total which did not have 

means that differed from each other as assessed by Student’s t test.  Regarding strength 

assessments, leg press strength showed the greatest standard error of the measurement 

and shoulder press strength showed the smallest standard error of the measurement.  

The upper body average functional score’s standard error of the measurement was 

slightly lower than the lower body average functional score’s standard error of the 

measurement.          
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Table 2. Measurement Stability. 

 

Pre/Post Assessments 

 The assessments that were performed at only Pre and Post included the 

cardiovascular assessments (brachial blood pressure, carotid-femoral pulse wave 

velocity and femoral-tibialis posterior pulse wave velocity, resting forearm blood flow, 
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and forearm reactive hyperemia), body composition assessment via DXA, and the upper 

and lower body functional questionnaires.     

Cardiovascular Assessments 

The mean values for the cardiovascular assessments are presented in Table 3 and 

in Figures 1, 4, 7, and 10.  Systolic blood pressure did not change over time (p = 0.15) 

and no interaction (group x time) in systolic blood pressure response was found (p = 

0.98).  Systolic blood pressure did differ by group, however, as a significant (p<0.05) 

group effect was found (p = 0.01); older subjects possessed higher systolic blood 

pressure than did younger subjects (Table 3).  Diastolic blood pressure also did not 

change over time (p = 0.84) and no significant interaction (group x time) was found (p = 

0.18).  Diastolic blood pressure also differed by group; the group effect was significant 

at p<0.05 (p = 0.04) with older subjects possessing higher diastolic blood pressure than 

younger subjects (Table 3).  Heart rate showed no significant (p<0.05) time effect (p = 

0.93), group x time interaction (p = 0.37) or group effect (p = 0.72; Table 3).  

 Carotid-femoral pulse wave velocity only showed a significant (p<0.05) group 

effect (p = 0.00) with older subjects having a higher carotid-femoral pulse wave 

velocity than younger subjects (Table 3 & Figure 1).  No significant (p<0.05) carotid-

femoral pulse wave velocity interaction (p = 0.55) or time effect (p = 0.08) was found 

(Table 3 & Figure 1).  No significant (p<0.05) effects were found for femoral-tibialis 

posterior pulse wave velocity (time effect, p = 0.37; interaction, p = 0.24; group effect, 

p = 0.81; Table 3 & Figure 4).  Likewise, no significant (p<0.05) effects were found for 

resting forearm blood flow (time effect, p = 0.11; interaction, p = 0.19; group effect, p = 

0.25; Table 3).  A significant (p<0.05) interaction was found for peak forearm blood 
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flow (p = 0.04).  Older subjects saw an increase in peak forearm blood flow following 

training while no effect was seen in younger subjects (Table 3 & Figure 7).  Total 

hyperemia was found to significantly (p<0.05) increase as a time effect was found (p = 

0.00), however, no group effect (p = 0.26) or interaction (p = 0.25) was found (Table 3 

& Figure 10).        
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Figure 1.  Carotid-Femoral Pulse Wave Velocity  

 

As previously stated, the mean carotid-femoral PWV values show no change 

from Pre to Post (Figure 1).  However, examining individual values shows that the 

response of each subject differed.  Carotid-femoral PWV increased in eight young 

subjects, decreased in seven young subjects, and did not change in one young subject 

(Figure 2).  Thus, an approximately equal number of young subjects increased as 

decreased their carotid-femoral PWV.  Carotid-femoral PWV increased in five older 

subjects and decreased in eight older subjects (Figure 3).  Thus, a decrease in carotid-

femoral PWV was seen slightly more often in older subjects than was an increase in 

carotid-femoral PWV.  In both young and older, the magnitude of the individual 

decreases appeared greater than the magnitude of the individual increases.   
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Figure 2.  Individual Changes for Young in Carotid-Femoral Pulse Wave Velocity 

 

Figure 3.  Individual Changes for Older in Carotid-Femoral Pulse Wave Velocity 
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Figure 4.  Femoral-Tibialis Posterior Pulse Wave Velocity 

 

 Femoral-tibialis posterior PWV also did not appear to change when looking at 

mean values (Figure 4).  When looking at individual values, femoral-tibialis posterior 

PWV decreased in eight young subjects, increased in seven young subjects, and did not 

change in one young subject (Figure 5).  Thus, approximately an equal number of 

young subjects increased as decreased their femoral-tibialis posterior PWV.  Femoral-

tibialis posterior PWV decreased in eleven older subjects and increased in two older 

subjects (Figure 6).  Thus, the majority of the older subjects decreased their femoral-

tibialis posterior PWV.     
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Figure 5.  Individual Changes for Young in Femoral-Tibialis Posterior Pulse Wave 

Velocity 

 

Figure 6.  Individual Changes for Older in Femoral-Tibialis Posterior Pulse Wave 

Velocity 
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Figure 7.  Peak Forearm Blood Flow During Reactive Hyperemia 

 

Peak flow mean changes are described in the above paragraph describing Table 

3 and are shown graphically in Figure 7.  Peak flow decreased in ten young subjects and 

increased in six young subjects (Figure 8).  Thus, slightly more young subjects 

increased peak flow than decreased peak flow.  Peak flow decreased in two and 

increased in eleven older subjects (Figure 9). Thus, many more older subjects increased 

peak flow than decreased peak flow.    
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Figure 8.  Individual Changes for Young in Peak Forearm Blood Flow During 

Reactive Hyperemia  

 

Figure 9.  Individual Changes for Older in Peak Forearm Blood Flow During 

Reactive Hyperemia 
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Figure 10.  Total (Area Under the Curve) Forearm Hyperemia 

 

Total hyperemia mean responses are also described in the paragraph describing 

Table 3 and are shown graphically in Figure 10.  Total hyperemia decreased in four 

young subjects and increased in fourteen young subjects (Figure 11).  Thus, many more 

young subjects increased total hyperemia than decreased total hyperemia.  Total 

hyperemia decreased in two older subjects and increased in eleven older subjects 

(Figure 12).  Thus total hyperemia increased much more often than it decreased in older 

subjects.      
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Figure 11.  Individual Changes for Young in Total (Area Under the Curve) 

Forearm Hyperemia 

 

Figure 12.  Individual Changes for Older in Total (Area Under the Curve) 

Forearm Hyperemia 
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DXA-Assessed Body Composition 

Body composition, as assessed by DXA, is presented in Table 4.  The following 

DXA-assessed body composition variables changed significantly (p<0.05) over time: 

total body mass (kg) (p = 0.00), total fat (%) (p = 0.04), leg fat (%) (p = 0.00), arm 

bone-free lean mass (kg) (p = 0.00), and leg bone-free lean mass (kg) (p = 0.00).  Total 

fat (%) and leg fat (%) decreased over time.  Total body mass (kg), arm bone-free lean 

mass (kg) and leg bone-free lean mass (kg) all increased over time.   

The following DXA-assessed body composition variables showed significant 

(p<0.05) differences between groups:  total body mass (kg) (p = 0.00), total fat (%) (p = 

0.00), arm fat (%) (p = 0.00), leg fat (%) (p = 0.00), trunk fat (%) (p = 0.00), total fat 

mass (kg) (p = 0.03), arm fat mass (kg) (p = 0.00), leg fat mass (kg) (p = 0.00), and 

trunk fat mass (kg) (p = 0.00).  In all cases, the older group possessed a greater quantity 

(kg) or greater percentage (%) of fat than did the younger group.  No interactions (group 

x time) were found for any DXA-assessed body composition variable although lean arm 

mass (kg) almost showed an interaction (p = 0.054).    
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Table 4.  DXA-Assessed Body Composition 
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Table 5.  Functional Assessments 

 

 Functional Assessments 

Functional assessments are presented in Table 5.  Both young and older subjects 

improved functional abilities as a significant (p <0.05) time effect was found for both 

upper (p = 0.00) and lower (p = 0.00) body function.  There were group differences in 

lower body function (p = 0.04) but not upper body function (p = 0.09); younger 

individuals were more functional, as reported by the lower body functional assessment, 

than were older individuals, and the upper body functional assessment showed similar 

functional scores between young and older subjects.         

Weekly Assessments 

 The weekly assessments included ultrasound muscle and fat thickness, thigh 

skinfolds, and a thigh circumference.  Results from the seven measured ultrasound 

muscle sites, the eight measured ultrasound fat sites, the one 50% thigh circumference, 

and the calculated estimations of muscle CSA (both the method of Moritani and deVries 

and the Housh multiple regression method) are presented.      
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 Muscle Thickness 

Muscle thickness for all muscles examined is presented in Table 6.  One lower 

body muscle thickness, 50 % quadriceps, and one upper body muscle thickness, deltoid, 

are presented in figures (Figures 13 and 14, respectively). 
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 All muscle thicknesses, except for the subscapular muscle thickness, increased 

significantly (p<0.05) over time; the following p values were found for a time effect (or 

lack of a time effect) at each site: 50% quadriceps (p = 0.00), 70% quadriceps (p = 

0.00), 50% hamstrings (p = 0.00), chest (p = 0.00) and subscapular (p = 0.65).  A group 

effect, with the older group having greater muscle thickness than the young group, was 

found for the 70% hamstrings muscle thickness (p = 0.00).  A group x time interaction 

was found for the change in deltoid muscle (p = 0.02);  post hoc t-tests revealed many 

significant (p<0.05) differences between young and old at different time points although 

the increase from Pre to week 2 was significant (p<0.05) for both groups at week 2 

(Table 6).  Post-hoc t-tests revealed that significant (p<0.05) increases from Pre were 

found at week two for the 50% quadriceps (p = 0.01), 50% hamstrings (p = 0.00), and 

70% hamstrings (p = 0.04) sites.  Significant (p<0.05) increases from Pre, also 

determined with post-hoc t-tests, were seen at week three for the 70% quadriceps (p = 

0.00) and chest (p = 0.04) sites.    
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Figure 13.  50% Quadriceps Muscle Thickness 

 

Figure 14.  Deltoid Muscle Thickness 
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 Fat Thickness 

Fat thickness is presented in Table 7.  Fat thickness significantly (p<0.05) 

decreased over time for the 50% quadriceps (p = 0.00), 70% quadriceps (p = 0.00), 50% 

hamstrings (p = 0.01), 70% hamstrings (p = 0.01), deltoid (p = 0.01), and visceral (p = 
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0.04) fat sites.  Fat thickness did not significantly (p<0.05) change over time at the chest 

(p = 0.08) or subscapular (p = 0.106) sites.  Post-hoc tests revealed the following 

significant (p<0.05) changes from Pre at the following weeks:  50% quadriceps fat at 

week four (p = 0.02), 50% hamstrings fat at week three (p = 0.04), 70% quadriceps fat 

at week four (p = 0.03), 70% hamstring fat at week six (p = 0.01), and deltoid fat at 

week six (p = 0.04).  As previously stated, visceral fat showed a time effect over 

training, however, post-hoc t-tests showed no significant (p<0.05) time-point to Pre 

changes.  The older group showed greater fat thickness than the young group as 

significant (p<0.05) group differences in fat thickness were found at all sites (50% 

quadriceps, p = 0.00; 70% quadriceps, p = 0.00; 50% hamstrings, p = 0.00; 70% 

hamstrings, p = 0.02; deltoid, p = 0.02; chest, p = 0.03; subscapular, p = 0.01) except 

visceral (p = 0.15).   
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Thigh Cross-sectional Area and 50% Circumference 

Thigh cross-sectional areas and 50% circumference are presented in Table 8.  

The 50% thigh circumference of the older subjects was greater than the 50% thigh 

circumference of the younger subjects.  This was seen in the significant (p<0.05) group 

differences in 50% thigh circumference (p = 0.02).   No time effect (p = 0.22) or 

interaction (p = 0.59) for 50% thigh circumference was seen.  A significant (p <0.05) 

interaction was found for the Moritani and deVries CSA calculation (p = 0.03).  Post-

hoc t-tests revealed that values for young subjects were significantly (p<0.05) different 

from values for older subjects for weeks two, three, four, and five and young subjects 

showed a significant (p = 0.00) difference from week six to week seven.  For the Housh 

multiple regression calculation, only a significant (p<0.05) group effect (p = 0.01) was 

seen (with the older subjects having a greater thigh CSA than the younger subjects) as 

the tested time effect (p = 0.26) and interaction (p = 0.40) were not significant (p<0.05).  

The two calculated assessments of cross-sectional area vary greatly between the two 

calculation methods and are likely not accurate estimates.     
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Bi-Weekly Assessments 

Table 9.  One-Repetition Maximums 

 

 One-Repetition Maximum Strength 

1-RM strength assessments are presented in Table 9.  One lower body, leg press, 

and one upper body, lat pull-down, exercise are presented in Figures (Figure 27 and 28, 

respectively).  Individual 1-RM strength responses are presented in Figures 15-26.   One 

older subject could not perform the leg press 1-RM at one time-point and thus older n = 

12 for leg press only.  One young subject could not perform any 1-RMs at one time-

point and thus young n = 15 at all time-points.  1-RMs increased significantly (p<0.05) 

in all exercises as was shown in a time effect with p = 0.00 for all exercises.  Strength 

significantly (p<0.05) differed by group (with the young individuals being stronger than 

the older individuals) in the leg press (p = 0.00), leg extension (p = 0.00), leg curl (p = 
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0.00), and chest press (p = 0.01).  Strength did not significantly (p<0.05) differ by group 

for the shoulder press (p =0.12) and the lat pull-down (p = 0.09).  Post hoc t-tests 

revealed that significant (p<0.05) increases in strength occurred at week two for the 

lower body (leg press, p = 0.02; leg extension, p = 0.00; leg curl, p = 0.00) and week 

three for the upper body (chest press, p = 0.00; shoulder press, p = 0.00; lat pull-down, p 

= 0.01).  Significant (p<0.05) differences for each exercise for one week compared to 

the previous week are shown in Table 9. 

Multiple regression analysis examining initial strength and changes in muscle 

thickness from pre to post training as predictors of changes in strength from pre to post 

training showed that only the chest press and shoulder press strength changes were 

significantly predicted by initial strength on these exercises.  Baseline chest press 

strength significantly (p = 0.000 for Beta = -.086) predicted change in chest press 

strength with training.  Baseline shoulder press strength significantly (p = 0.009 for 

Beta = -0.491) predicted change in shoulder press strength with training.   No other 

baseline strength values and no changes in muscle thickness from pre to post predicted 

changes in strength from pre to post.                 
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Figure 15.  Individual Changes in Leg Press Strength for Young 

 

Figure 16. Individual Changes in Leg Press Strength for Older  
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Figure 17.  Individual Changes in Chest Press Strength for Young  

 

Figure 18.  Individual Changes in Chest Press Strength for Older 
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Figure 19.  Individual Changes in Leg Curl Strength for Young 

 

Figure 20.  Individual Changes in Leg Curl Strength for Older 
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Figure 21.  Individual Changes in Shoulder Press Strength for Young 

 

Figure 22.  Individual Changes in Shoulder Press Strength for Older 
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Figure 23.  Individual Changes in Leg Extension Strength for Young 

 

Figure 24.  Individual Changes in Leg Extension Strength for Older 
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Figure 25.  Individual Changes in Lat Pull-Down Strength for Young 

 

Figure 26.  Individual Changes in Lat Pull-Down Strength for Older 
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Figure 27.  Leg Press One-Repetition Maximums 

 

 

Figure 28.  Lat Pull-Down One-Repetition Maximums 
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Discussion 

The main findings of this study can be divided into two categories:  findings 

related to the time-course of muscle hypertrophy and findings related to arterial stiffness 

and blood flow.  The main findings with regard to muscle thickness were that increases 

in muscle thickness were found in both young and older women at all measured sites 

except subscapular; a muscle thickness increase above baseline was first detectable 

following just one or two weeks of training; and a muscle thickness increase was first 

evident at the 50% Quadriceps, 50% Hamstrings, 70% Hamstrings, and Deltoid sites.  

The hypothesis that hypertrophy would be detected three to four weeks into high-

intensity resistance training in both young and older women was thus not supported.  

Also, the hypothesis that hypertrophy would first be detected in the upper body and 

hamstrings was partially supported.  The main findings with regard to arterial stiffness 

and blood flow were that neither carotid-femoral or femoral-tibialis posterior PWV 

changed significantly in either young or older subject when looking at mean values; 

total hyperemia increased in both young and older subjects; and peak flow increased in 

older subjects only.  All arterial stiffness and blood flow measurements showed 

important variability in subjects’ responses.  The hypothesis that high-intensity 

resistance training would not increase arterial stiffness in either young or older women 

is supported by mean values, but only partially supported when individual responses are 

examined.  The hypothesis that training would improve microvascular blood flow is 

also partially supported.  The muscular and the vascular findings will now be discussed 

separately.                   
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Time-Course of Muscle Hypertrophy 

 The increase in muscle size seen in this study occurred earlier than seen in 

previous studies examining early changes in muscle size with training 
5,6,8

.  In a study 

comparable to the present study, Abe et al. 
8
 found that women aged 25-50 years 

showed an increase in muscle thickness at the biceps following eight weeks of “intense” 

whole-body resistance training and at the triceps, chest, and 50% hamstring sites 

following six weeks of training.  No quadriceps or 70% hamstring increase in muscle 

thickness were seen following the full twelve weeks of training involved in this study 
8
.  

Several possible methodological differences between this study and the present study 

may explain these discrepancies in findings.  First, ten of the twenty women subjects in 

the study by Abe et al. 
8
 performed only one set of each of the six exercises used; the 

remaining ten women performed three sets of each exercise, similar to the present 

study, however, subjects initially trained at 60-70% 1RM, a lower percentage than the 

80% 1RM employed in the present study.  Also, Abe et al. 
8
 required subjects to 

perform “8-12 repetitions maximum” for each set on each exercise; the present study 

required each subject to perform two sets that were very close to, if not at, 10RM and to 

perform as many repetitions as possible, which was often greater than 12 reps, on the 

last set.  Although both types of training would be challenging for subjects, perhaps the 

rep scheme employed in the present study presented a greater muscular stimulus and 

thus led to the greater muscle thickness adaptations.  Finally, and perhaps most 

importantly, the exercises employed in the present study generally involved more 

muscle groups per exercise than in the study by Abe et al. 
8
.  The study by Abe et al. 

8
 

used only two lower body exercises (leg extension and leg curl, and no leg press as was 
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used in the present study) and, although four upper body exercises were used, only two 

of these (chest press and seated row) were multi-joint upper body exercises as compared 

to the three upper body multi-joint exercises (shoulder press, lat pull-down, and chest 

press) employed in the present study.  Supporting the idea that the resistance training 

protocol employed by Abe et al. 
8
 may not have been as muscle stimulating as the 

protocol employed in the present study are the differences in the increase in strength 

seen between the two studies.  In the present study, strength increased on all lower body 

exercises by the second week of training (Table 9).  Abe et al. 
8
 only measured lower 

body strength on the leg extension; this strength did not increase until the fourth week 

of training.   

 When DeFreitas et al. 
6
 examined the time-course of muscle hypertrophy in 

young men using peripheral computed tomography (pQCT) scanning, they found a 

detectable increase in muscle CSA following just two training sessions.  In this study, 

muscle CSA was assessed immediately prior to the last training session of a week.  The 

authors speculated that acute fluid accumulation within the muscle influenced this early 

detection of an increase in CSA and that, due to lack of a strength increase until week 

four of training, muscle CSA may only have truly increased around weeks three to four 

6
.  An increase in CSA following three weeks of training was also seen by Seynnes et al. 

5
.   

In the present study, the investigators attempted to account for acute exercise-

session-induced fluid accumulation by performing all weekly measurements prior to the 

first day of training for the week rather than prior to the last, thus allowing subjects an 

additional twenty-four hours of recovery compared to DeFreitas et al. 
6
.  It is possible 
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that this recovery period was not great enough to diminish all acute muscle swelling 

however.  As the increase in muscle thickness seen at the start of the second and third 

weeks of training was not large, there is a possibility that this small increase in 

thickness was actually merely edema.  Poole et al. 
7
 showed that 50% quadriceps but 

not 50% hamstrings muscle thickness was elevated sixty minutes following high-

intensity lower-body resistance exercise.  However, Poole et al. 
7
 also found that thigh 

CSA, as assessed by peripheral quantitative computed tomography, was no different 

from baseline at twenty-four, forty-eight, seventy-two, or ninety-six hours post-

exercise.  This suggests that muscle swelling did not account for the increases in muscle 

thickness seen in the present study when subjects were measured approximately 

seventy-two hours after their last training session of the week.  Also, strength was found 

to increase in the lower body during the second week of training and in the upper body 

during the fourth week of training (Table 9), again providing support to the idea that at 

least the lower body increases in muscle thickness in the present study represented true 

muscle hypertrophy adaptations (Table 6). 

The general lack of a difference in the time-course of the muscle thickness 

increases between young and older women was not surprising.  Literature in this area is 

conflicting.  A study comparing young men and women (aged 20-30 years) and older 

men and women (65-75 years) found no differences in thigh and quadriceps muscle 

volume between either men and women or young and older subjects in response to six 

months of strength training 
9
.  Another study comparing similar groups training one leg 

on knee extension for nine weeks also found no difference in the quadriceps muscle 

volume response between young and older subjects 
10

.  A study comparing the CSA 
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response of middle-aged men (42 + 2 years) and women (39 + 3 years) and older men 

(72 + 3 years) and women (67 + 3) to six months of strength training found that only 

older men were unable to significantly increase the CSA of the leg extensors following 

training 
12

.  Another study comparing young men and women (22-31 years) and older 

men and women (62-72 years) did find significant differences in the thigh CSA 

response to three months of strength training 
11

.  The findings of the present study, that 

the time-course of increasing muscle thickness differed only at the deltoid, are in line 

with the aforementioned conflicting findings from previous research. 

Subscapular muscle thickness did not show an increase with training.  As this 

site included muscle that would have been trained on the lat pull-down and lat pull-

down strength was found to increase over time (Table 9), the authors speculate that this 

lack of an increase was due to measurement error.  This site was more difficult to 

measure accurately due to the lack of a clear boney landmark (such as the femur or 

humerus) from which to measure the muscle thickness, and the diagonal nature of the 

image obtained.  The chest muscle thickness measurements possessed the same short-

comings (and chest press strength also increased over time; Table 9) so these 

measurements should be interpreted cautiously as well.       

Strength changes over time generally showed that older adults were not as 

strong as the younger adults but they were still able to respond positively in strength (as 

well as in muscle mass increases) to the resistance exercise training as would be 

expected 
37

.  For example, in the leg press, young adults started at a 1-RM weight of 

99.4 kg at Pre and progressed to a 1-RM weight of 113.6 kg by Post;  on this same 

exercise, older adults started at a 1-RM weight of 79.0 kg at Pre and progressed to a 1-
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RM weight of 92.7 kg at Post.  Thus, although older adults were not as strong as the 

younger adults, they still were able to respond positively to the training by improving 

strength.   

Interestingly, in the shoulder press and the lat pull-down, no differences in 

strength were seen between the two groups.  The reasons for this lack of a difference on 

these exercises are unclear although speculations can be made.  As stated previously, it 

was easier for most subjects to progress (increase weight) on the lower body exercises 

compared to on the upper body exercises.  For example, leg curl strength increased from 

a Pre value of 52.6 kg (young) and 41.5 kg (older) to a Post value of 70.5 kg (young) 

and 53.8 kg (older) while shoulder press strength increased from 22.0 kg (young) and 

19.5 kg (older) to 27.1 kg (young) and 23.8 kg (older).  Thus, the young subjects 

increased leg curl strength by approximately 18 kg and the older subjects increased leg 

curl strength by approximately 12 kg while young subjects increased shoulder press 

strength by approximately 5 kg and the older subjects increased shoulder press strength 

by approximately 4 kg over the entire course of the training. These differences in 

strength increases in the upper body compared to the lower body were likely due to the 

greater strength of the lower body compared to the upper body and the effect of the 

increments by which weight could be increased on each machine.  To illustrate, a two 

kilogram increase for a lower body exercise such as the leg curl would likely be 

overcome more easily than a two kilogram increase on an upper body exercise such as 

the shoulder press.  Thus, it is speculated, based on the greater strength of the young 

subjects on the leg press, leg extension, leg curl, and chest press, that possibly the 

young subjects could have shown greater strength on the shoulder press and lat pull-
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down had small weight increments been available to more effectively distinguish the 

stronger lifters from the weaker lifters.  With large weight increments, someone who 

could easily lift twenty-two kilograms, for example, but who could not move up to the 

next weight of twenty-four kilograms was not distinguished from someone who just 

barely managed to lift the twenty-two kilograms.  Another possible explanation for the 

lack of a group difference in the lat pull-down and shoulder press is simply that it was a 

real lack of a difference, of course, and the older subjects were just as strong as the 

young subjects in these exercises.  This second idea is supposed by the increase in 

deltoid muscle thickness (Table 6) seen in the older adults as well as the younger adults.  

Unfortunately, as it has already been stated, the lack of a subscapular muscle thickness 

increase is thought to be more a reflection of measurement error and not something of 

physiological significance.      

With regard to DXA-assessed body composition changes, it was not surprising 

that tremendous changes were not seen as this was only an eight week training study.  

The results did support the idea that older adults are able to respond positively to 

strength training similarly to younger adults 
3
.  Overall, the changes that were seen were 

in the expected direction of change, however, with fat decreasing and bone-free lean 

mass increasing.  Total % fat slightly decreased in young and old and by region this % 

fat decrease was only detectable in the legs.  These % fat changes support what was 

seen with the ultrasound with regard to fat thickness where changes from Pre in fat 

thickness generally occurred earlier in the legs (50% quadriceps at week 4, 70% 

quadriceps at week 4, 50% hamstrings at week 3) than changes from Pre in the fat 

thickness of the arms (deltoid at week 6, chest and subscapular at no time-point).  
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Group differences were found for % fat at all sites with the older subjects possessing a 

greater % fat than the younger subjects.  This difference could be thought of as a 

confounding factor in interpreting the results of the study as young subjects were in the 

mid to upper levels of body fatness while older subjects were clearly in the obese 

category 
90

.  However, older adults also possessed many other differences, that are 

generally associated with age, compared to younger adults:  for example, they had 

higher blood pressure, less functional ability, and generally less muscular strength.  

Thus, to compare older adults who were identical in every physiological measurement 

to the younger adults would arguably confound the results more greatly by comparing a 

“standard” young group of women to an exceptionally healthy older group of women.      

    Bone-free lean mass of the arms and legs only (and not the total body or 

trunk) increased.  This was thought to be due to the “limb-focused” nature of the 

training program:  although subjects were encouraged to keep their body tight and set so 

as to lift with good form, which would thus engage the core of the body as well as the 

muscles directly performing the exercise, subjects were not always able to accomplish 

this.  Also, obviously, all training was performed on machines which limits how well 

the core musculature can be employed in a limb-focused exercise 
91

.  Thus, it is logical 

that only the limbs showed an increase in bone-free lean mass and the trunk did not.  

The lack of group differences in bone-free lean body mass support what was found with 

the ultrasound muscle thickness measurements where no group differences were found 

(with the exception of the different response seen at the deltoid site).  The lack of a 

change in BMC is thought to be due to the short nature of the study although as little as 



88 

twelve weeks of high-intensity resistance training has been shown to increase BMC in 

older men and women 
92

.   

Vascular Responses to Exercise Training 

The vascular responses to the eight weeks of resistance exercise training are best 

interpreted by examining both the results of the statistical analyses and the individual 

responses.  Important individual differences in responses were apparent in these 

measures.   

 Carotid-femoral and femoral-tibialis posterior PWV did not appear to change 

over time when mean values are statistically examined (Table 3 and Figures 1 through 

4).  Individual responses show a varied response to the training in both young and older 

subjects (Figures 2 and 3).  Interestingly, all but two of the older subjects showed a 

decrease in femoral-tibialis posterior PWV (Figure 6).  Previous work on arterial 

stiffness responses to resistance training is conflicting.  In men, resistance training has 

been shown to increase arterial stiffness 
17,24,25

 or to show no change 
26,27

.  In women, 

resistance training has been shown to cause no change 
14,18,19

, an increase 
13,22

, and a 

decrease 
16,20,21

 in arterial stiffness.  In studies involving both sexes, where no sex 

comparisons were made, responses likewise varied 
15,17,26,93

.  As only women were 

examined in the present study, only studies reporting results for women (as opposed to 

combined male and female results) will now be discussed.      

The studies reporting increases in arterial stiffness examined women who were 

young only.  Cortez-Cooper et al. 
13

 strength trained young women at a high-intensity 

for eleven weeks.  Following training, carotid-femoral PWV increased by 0.42 m/s; 

however, carotid-femoral PWV increased by 0.56 m/s in their non-exercising control 
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group 
13

.  This suggests that the observed increase in carotid-femoral PWV was 

mitigated by non-training related factors.  No changes were seen in this study with 

peripheral PWV in either group.  Okamoto et al. 
22

 strength trained young women with 

either eccentric only or concentric only biceps curls for eight weeks.  Following 

training, brachial-ankle PWV increased in the concentric only group by ~1m/s while no 

change was seen in the eccentric only group 
22

.  This interesting finding suggests that 

other as yet unidentified variables related to resistance training may influence the 

arterial stiffness response following this type of training. 

The three studies showing a decrease in arterial stiffness responses with 

resistance training involved women of an age comparable to the older women examined 

in the present study 
16,20,21

.  Williams et al. 
21

 strength trained men and women aged 60-

75 years at a moderate-intensity and found that only the women (and not the men) 

showed a decrease in augmentation index, an indicator of arterial stiffness, following 

sixteen weeks of training.  Okamoto et al. 
16

 strength trained premenopausal women 

aged 42-55 years in a home-based low-intensity program for ten weeks and found that 

brachial-ankle PWV decreased by ~0.8m/s following training.  The women in the 

present study were postmenopausal, however, menopausal status does not relate to level 

of arterial stiffness when age and body mass index are controlled 
94

.  Ho et al. 
20

 

strength trained overweight and obese women aged 43-59 years at a high-intensity for 

twelve weeks; similar to the present study’s findings, augmentation index did not 

change in the group as whole, however, when individual responses were examined, 

eleven out of the sixteen women studied were classified as “responders” who, as a 

group, did show a significant decrease in augmentation index.  This finding is similar to 
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our finding of eight out of the thirteen older women showing a decrease in carotid-

femoral PWV (Figure 3).  These findings again suggest that women’s arterial stiffness 

responses to resistance training are highly variable.   

The reports of no change in arterial stiffness following resistance exercise 

training also examined women of an age similar to the older women examined in the 

present study.  Yoshizawa et al. 
18

 strength trained women aged 32-59 years at a 

moderate-intensity for twelve weeks and found no change in either carotid-femoral or 

femoral-tibialis posterior PWV following training.  Casey et al. 
14

 strength trained 

postmenopausal women aged 52-72 years at a low-intensity and found no change in 

augmentation index following training.  Collier et al. 
19

 strength trained pre-

hypertensive and hypertensive women aged 40-60 at a moderate intensity for four 

weeks and found no change in carotid-femoral PWV.  Kingsley strength trained 

overweight and obese women aged 35-50 for twelve weeks and found no change in 

augmentation index 
28

.    

No physiological and/or methodological differences stand out as clear 

explanations for discrepancies in findings between studies.  Based on synthesis of 

existing evidence, responses appear independent of age, training intensity, training 

duration or any other obvious factor.  As it is clear that the arterial stiffness response to 

resistance exercise in women is highly variable, future studies should attempt to 

determine what physiological and/or methodological differences induce this variation.   

 Changes in blood flow following the resistance exercise training are also best 

discussed by examining mean values and individual changes.  The main blood flow 

related findings of this study were that resting blood flow did not change in either 
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young or older women, total hyperemia increased in both groups, and peak blood flow 

increased in older, but not younger subjects (Table 3 and Figures 7 and 10).  If 

individual responses are examined, the statistical increase in peak flow appears driven 

by the older individuals as eleven out of thirteen older individuals and only six out of 

sixteen younger individuals showed an increase in peak flow (Figures 8 and 9).  Thus, 

although peak flow and total hyperemia reflect different aspects of the microvascular 

reactive response (with total hyperemia reflecting both the early peak flow and the “late 

phase” nitric-oxide-influenced response 
81

), in this case it appears that only a modest 

difference in peak flow and total hyperemia response existed within each group of 

subjects.    

 Very little work has examined forearm blood flow responses to resistance 

training in women only.  Kingsley and Figueroa 
28

 reported an increase in both resting 

forearm blood flow and peak forearm blood flow following twelve weeks of resistance 

exercise training in women aged 35-50 years.  A study in older women (aged 59-79 

years) examining calf blood flow responses to twelve weeks of elastic-band-based 

resistance training also found an increase in blood flow in response to training 
29

.  

Studies of blood flow changes in men following resistance exercise training generally 

also show an improvement in resting blood flow 
30

 and peak flow and total hyperemia 
27

 

although it has been suggested that improvements may only occur after moderate-

intensity and not high-intensity exercise training 
95

; a decrease in resting calf blood flow 

has been found following a short duration (four weeks) of resistance training 
31

.  

Another short-term (five week) resistance training study, where sex was not specified, 

found no improvement in resting forearm blood flow or peak blood flow following 
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training 
32

.  However, Collier et al. 
19

 also performed a relatively short-term (four week) 

resistance training study comparing men’s and women’s forearm blood flow responses 

and found both groups showed improvements in blood flow following training with the 

women having a greater resting forearm blood flow response to training than the men 

and both groups showing similar improvements in peak forearm blood flow.  All of the 

aforementioned blood flow studies used the strain-gauge plethysmography technique 

employed in the present study.   

Studies using ultrasound assessment of femoral artery blood flow have shown 

that resting femoral blood flow decreases with age in men and women  
33-35

.  However, 

this reduction has been found to be absent in men who are resistance trained 
36

.  

Interestingly, the present study found no baseline differences between young and older 

women in resting forearm blood flow, peak flow, or total hyperemia; this lack of a 

difference may be due to the age gap employed or to a difference in forearm 

microvascular (strain-gauge plethysmography assessed) compared to leg macrovascular 

(femoral ultrasound assessed) changes with aging.      

Functional Assessments 

 Both upper and lower body average functional scores were found to improve 

following training.  The lower body average functional score differed by group pooled 

across time as well (Table 5).  Previous work has shown resistance training to increase 

functional performance in older adults 
96-98

.  Functional performance is not usually 

assessed in younger adults as this outcome is less important to the quality of life of this 

age group.  Nevertheless, it can be concluded from the present study that this type of 

resistance exercise training was able to improve functional capacity in both young and 
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older subjects.  Although improvements in strength and muscle size are important, as 

discussed previously, functional improvements may be arguably even more important, 

particularly in the older population.  Improving the ability to open a jar or climb stairs, 

for example, is likely to provide an important improvement in quality of life.     

Thigh CSA Estimates 

 The thigh CSA estimates in the present study do not appear accurate (Table 8).  

Acquiring repeated accurate thigh skinfolds and circumferences in this population with 

large amounts of fat mass on the thighs was difficult.  Furthermore, the CSA estimates 

used have primarily been used on populations different from this study’s population 

89,99,100
.  Thus, these results are not suspected to represent any true physiological 

changes.   
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CHAPTER V:  CONCLUSIONS 

 Muscle thickness changes occurred earlier than expected and this response did 

not greatly differ between young and older women.  Both central and peripheral arterial 

stiffness responses showed variability with an approximately equal number of subjects 

increasing stiffness and decreasing stiffness.  Resting forearm blood flow did not 

change following training although changes were seen in peak blood flow in the older 

group and in total hyperemia in both groups.  In conclusion, eight weeks of high-

intensity resistance training increased muscle size and strength more rapidly than 

expected; this type of training also improved microvascular function, particularly in 

older women, while having a varied effect on large artery stiffness.       

Answers to Research Questions 

First Research Question and Hypothesis 

During eight weeks of high-intensity resistance training, when will hypertrophy be 

evident, and at what sites will it first be evident, in young and older women?  It is 

hypothesized that hypertrophy will be detected three to four weeks into high-

intensity resistance training in both young and older women.  It is hypothesized 

that this hypertrophy will first be detected in the upper body and hamstrings.   

A significant muscle thickness increase above baseline was first detectable following 

just one or two weeks of training, depending on the site measured.  The first sites where 

a muscle thickness increase was evident were at the 50% Quadriceps, 50% 

Hamstrings,70% Hamstrings, and Deltoid sites.  The hypothesis that hypertrophy would 

be detected three to four weeks into high-intensity resistance training in both young and 
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older women was not supported.  The hypothesis that hypertrophy would first be 

detected in the upper body and hamstrings was partially supported.  

Second Research Question and Hypothesis 

 Following eight weeks of high-intensity resistance training, will arterial stiffness 

and blood flow changes occur and will these changes differ between young and 

older women?  It is hypothesized that high-intensity resistance training will not 

increase arterial stiffness but may improve blood flow in young or older women. 

Neither carotid-femoral or femoral-tibialis posterior PWV, the gold standard of arterial 

stiffness measurement, changed significantly in either young or older subject when 

looking at mean values; resting blood flow did not change in either young or older 

subjects; total hyperemia increased in both young and older subjects; and peak flow 

increased in older subjects only.  All arterial stiffness and blood flow measurements 

showed variability in subjects’ responses.  The hypothesis that high-intensity resistance 

training would not increase arterial stiffness in either young or older women is 

supported by mean values, but only partially supported when individual responses are 

examined.  The hypothesis that training would improve microvascular blood flow is 

also partially supported.   

Clinical Significance 

Resistance training is recommended for both men and women, young and old as 

a method of increasing strength, improving risk factors for both cardiovascular and 

metabolic disease, and improving quality of life both psychologically and 

physiologically 
1
.  Although recommended for a wide range of people, the majority of 

research on resistance exercise has been performed on young men.  This study provides 
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useful information on the time-course of muscle hypertrophy in young and older 

women.  Also, no study has directly compared young and older women’s arterial 

stiffness and blood flow responses following resistance exercise training.  As resistance 

exercise is recommended for both young and older women, as previously stated, it is 

important to know how this method of exercise affects the vasculature.  This study 

provides evidence to support the idea that high-intensity resistance exercise improves 

forearm microvascular function while not greatly affecting large artery stiffness.  Thus, 

based on this finding, high-intensity resistance exercise appears beneficial for the 

aspects of cardiovascular health measured in the present study.  

Future Research Directions 

 Future research should attempt to repeat the present study while using more 

sensitive measures of muscle hypertrophy such as pQCT scanning and/or magnetic 

resonance imaging.  The time-course of hypertrophy in older men could also be 

examined.  Future research building on the cardiovascular findings of this study should 

examine what causes the variations in arterial stiffness and microvascular blood flow 

responses to resistance exercise.   

Limitations 

Several limitations exist in this study.  Women were put into arbitrary age 

groups of 18-25 and 50-64 to represent “young” and “older” respectively.  Findings 

may have changed were the age groups expanded or shrunken.  Women were mainly 

Caucasian although some African American, Asian American, and Native American 

women participated.  Further, the subjects were a self-selected group that was interested 

in improving their strength and/or muscular appearances.  Thus, the findings may not 
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apply to all women.  Another limitation in this study was the lack of dietary control.  

Changes in strength and/or hypertrophy may have been affected by any dietary changes.    

Also, measurements were not always performed at the same time of day for each 

subject; thus, diurnal fluid shifts may have affected the ultrasound measurements and 

variations in strength, and motivation throughout the day may have affected 1RM 

assessments.  A further limitation was that pulse wave velocity measurements were only 

performed centrally and on the leg; no arm pulse wave velocity measurements were 

performed.        
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Appendix A: Functional Questionnaires 

ID:__________________________ 

MODIFIED AMERICAN SHOULDER & ELBOW SURGEONS 

RATING SCALE 

Please rate your ability to do the following daily activities using the following scale: 

0 = unable 1 = very difficult 2=somewhat difficult  3 = not difficult 

 

Get dressed including putting    

on your coat              

  

Wash back/do up bra           

 

Comb Hair           

 

Reach a high shelf          

 

Lift heavy objects          

 

Do usual work           

 

Do usual sport           

 

Sleep on your painful side        

  

Throw a ball overhand        

  

Open a jar of food         

  

Cut with a knife         

   

Use a phone          

  

Do up buttons          

  

Carry shopping bag         
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Appendix B:  Other Forms 
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Appendix C:  Data 

Blood Flow 
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Other Cardiovascular Variables 
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135 

 



136 

 



137 

DXA 



138 
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140 



141 
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146 
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CSAs and Circumference 
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Ultrasound 
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