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ABSTRACT  
   

Cardiovascular disease has long been one of the leading causes of morbidity in 

the world and places a large burden on the health care system. Exercise has been shown 

to reduce the risk of developing cardiovascular disease and the risk factors associated 

with it. Much of the focus of research has been on aerobic exercise modalities and their 

effect on these risk factors, and less is known in regard to the effect of resistance training. 

One novel risk factor for cardiovascular disease is arterial stiffness, specifically aortic 

stiffness. Aortic stiffness can be measured by carotid-femoral pulse wave velocity (PWV) 

and central pressure characteristics such as central blood pressures and augmentation 

index. The objective of this study was to assess the effect that two different 12-week long 

resistance training interventions would have on these measurements in sedentary, 

overweight and obese men and women (BMI ≥ 25 kg/m2). Twenty-one subjects 

completed the study and were randomized into one of the following groups: control, a 

low repetition/high load (LRHL) group which performed 3 sets of 5 repetitions for all 

exercises, and a high repetition/low load (HRLL) group which performed 3 sets of 15 

repetitions for all exercises. Those in the resistance training groups performed full-body 

exercise routines on 3 nonconsecutive days of the week. Changes in arterial stiffness, 

central blood pressures, and brachial blood pressures were measured before and after the 

12-week intervention period. PWV showed significant group by time interaction (p= 

0.024) but upon post hoc testing no significant differences were observed due to the 

control group confounding (control: 7.6 ± 0.8 vs. 7.1 ± 0.8, LRHL: 6.7 ± 0.5 vs. 6.9 ± 

0.5, HRLL: 7.03 ± 0.67 vs. 6.59). No other significant interactions or differences were 

observed for any of the variables tested. Based on the results of this study a 12-week long 
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resistance intervention training, neither high nor moderate-intensity resistance training, 

resulted in improvements in indices of vascular stiffness or central and peripheral blood 

pressures. 
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CHAPTER 1 

INTRODUCTION 

Overview 

Atherosclerotic cardiovascular disease is the leading cause of morbidity and 

mortality globally according to a 2019 joint statement by the American College of 

Cardiology (ACC) and the American Heart Association (AHA). Cardiovascular disease 

also places a large burden on the health care system as evidenced by the 200 billion 

dollars in health care costs each year in America alone (Arnett et al., 2019). 

Cardiovascular disease (CVD) is a group of diseases that affect the heart and blood 

vessels and are often characterized by the stiffening and narrowing of arteries due to 

plaque buildup (D’Agostino et al., 2008). 

The traditional CVD risk factors include age, sex, family history, smoking, 

hypertension, dyslipidemia, obesity, and diabetes (D’Agostino et al., 2008). While these 

major risk factors are still used, there have been novel risk factors that have been 

proposed and have shown prognostic value beyond the current major risk factors. These 

measures are pulse wave velocity (PWV) and pulse wave analysis (PWA), which are 

used to indirectly measure arterial stiffness, most commonly central or aortic, stiffness 

(Ben-Shlomo et al., 2014; Shirwany & Zou, 2010). 

Current literature has shown these two tests have predictive value above current 

risk factors.  A study done by Willum-Hansen et al. found a hazard ratio of 1.61 for those 

with a 1 standard deviation increase in PWV that when corrected for traditional risk 

factors was still significant at a hazard ratio of 1.2 (Willum-Hansen et al., 2006). 

Similarly, a study by Nürnberger et al. assessed the association between augmentation 
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index, a measure obtained through PWA, and CVD risk. They used 3 separate risk score 

calculators and found the augmentation index rose significantly as the risk scores went up 

and there was significant correlation with all 3 risk scores used (P< 0.0001) (Nürnberger 

et al., 2002). 

As the central arterial system stiffens and PWV and central pressures increase, 

people are at risk for developing many forms of CVD such as coronary artery disease, 

stroke, heart failure, and are at higher risk for cardiac events (Ben-Shlomo et al., 2014; 

Nürnberger et al., 2002; Roman et al., 2007; Shirwany & Zou, 2010; Willum-Hansen et 

al., 2006). Due to this increased risk of developing disease there has been emphasis 

placed on ways to reduce PWV and PWA. One area that has traditionally been used to 

help with CVD risk is exercise. 

Current exercise guidelines recommend a mix of aerobic exercise and resistance 

training in order to reduce the risk of developing a multitude of chronic diseases 

(American College of Sports Medicine, Riebe, Ehrman, Ligouri, & Magal, 2018). 

However, when looking at exercise and its health benefits, the emphasis is placed on 

aerobic activity. For example, the 2019 guidelines by the ACC/AHA for the reduction of 

CVD dedicate only a small portion of the paper to discussing the benefits of resistance 

training which include increased insulin sensitivity, possible blood pressure lowering 

effects, and increased physical functioning (Arnett et al., 2019).  

Current guidelines recommend low to moderate training intensities for resistance 

training, for example the ACSM guidelines recommend 8-12 reps at 60-80% of 1 

repetition maximum (American College of Sports Medicine, Riebe, Ehrman, Ligouri, & 

Magal, 2018). This is due to the thought that high-intensity training may cause 
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deleterious effects on the cardiovascular system such as increased blood pressure, arterial 

stiffness, and left ventricular mass (Miyachi et al., 2004). However, a previous statement 

by the AHA noted that the effect of resistance training on central and peripheral arterial 

compliance is inconsistent and controversial (Willliams et al., 2007). For example, a 

meta-analysis by Ashor et al. in 2014 analyzed 17 RCTs and found there were no 

significant differences in PWV before and after training interventions (Ashor, Lara, 

Siervo, Celis-Morales, & Mathers, 2014). Just a year before, a meta-analysis by Miyachi 

examined 8 RCTs and concluded there was a significant increase in PWV after higher 

intensity resistance training, particularly in younger subjects (Miyachi, 2013). 

Based on these papers and many others, it is clear that the effect of high-intensity 

resistance training on the vascular system is still not fully understood. According to 

Williams et al. adding in resistance training to exercise prescriptions can be an important 

aspect due to increasing variety to training days and its possible ability to maintaining 

adherence to exercise programs (Williams et al., 2007). When resistance training is 

performed in accordance with ACSM guidelines, there have been shown cardiometabolic 

benefits. However, based on current literature it is unclear what the effect of resistance 

training performed exclusively as high load lifting has on CVD risk. Therefore, the 

purpose of this study was to investigate the chronic effect that high-intensity and 

moderate-intensity resistance training programs have on the cardiovascular system. 

Purpose 

The purpose of this study was to investigate the effects that high load and low 

load resistance training have on arterial stiffness and central hemodynamics. This served 

as a follow up randomized control trial to previous studies that have looked at the 



4 

relationship between resistance training and arterial stiffness and was performed to better 

understand the effect that high load training has on arterial stiffness.  

Aim and Hypotheses 

 Primary Aim 

 The primary aim of this study was to determine the impact that two different 12-

week resistance training interventions have on PWV compared to a non-exercising 

control in overweight and obese sedentary individuals.  

Primary Hypothesis: It was hypothesized that there would be no change in PWV in either 

intervention group as compared to the control group. 

 Secondary Aim 

 The secondary aim of this study was to examine the effects that two different 12-

week resistance training interventions have on PWA measures compared to a non-

exercising control. These measures include Aix, Aix75, AP, and central systolic and 

diastolic pressures.  

Secondary Hypothesis: It was hypothesized that central blood pressures would be 

significantly decreased in both of the intervention groups when compared to the control 

group. It was also hypothesized that augmentation indexes would be significantly 

reduced.   

 Tertiary Aim 

 The tertiary aim for this study was to perform an exploratory analysis of the effect 

that two different 12-week resistance training interventions have on minor functional 

changes of the left ventricle as measured by global longitudinal strain (GLS). The 

relationship between changes in arterial stiffness and GLS were also assessed. 
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CHAPTER 2 

REVIEW OF LITERATURE 

Background Information 

 According to a 2019 guideline for the prevention of cardiovascular disease by the 

American College of Cardiology (ACC) and the American Heart Association (AHA) 

atherosclerotic cardiovascular disease is the leading cause of morbidity and mortality 

globally. In America cardiovascular disease accounts for over 200 billion in health care 

costs each year (Arnett et al., 2019). Cardiovascular disease (CVD) is a group of diseases 

that affect the heart and/or the blood vessels throughout the body. Common diseases that 

fall under this are coronary artery disease, heart failure, peripheral artery disease, and 

cerebrovascular disease (D’Agostino et al., 2008). These diseases are characterized by the 

stiffening and narrowing of arteries due to plaque buildup over time. CVD and the 

accumulation of plaque in the arterial system have a set of major risk factors. 

 The major risk factors usually associated with CVD are age, sex, family history, 

smoking history, hypertension, dyslipidemia, and diabetes (D’Agostino et al., 2008).  

However, in recent years there have been novel risk factors proposed which may lead to 

an increased risk of developing CVD. One of these risk factors is arterial stiffness, 

specifically aortic stiffness (Ben-Shlomo et al., 2014; Shirwany & Zou, 2010). Two tests 

that can be done in order to indirectly assess aortic stiffness are pulse wave velocity and 

pulse wave analysis.  

 A recent meta-analysis by Ben-Shlomo et al. examined the event prediction 

capabilities of the PWV assessment, specifically the carotid-femoral pulse wave velocity 

(cfPWV) the current gold standard test for indirect arterial stiffness measurement. This 
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meta-analysis looked at data from over 17,500 subjects and the outcome measures 

included all-cause mortality, cardiovascular mortality, CHD events, and stroke. They 

found that each of the hazard ratios for these events significantly increased in those who 

had a 1 SD change in Loge in cfPWV with CVD hazard ratio being 1.45. When they 

adjusted for the traditional risk factors associated with CVD, they still found increased 

hazard ratios (1.3 for CVD). For a healthy 60-year old male they found an increase of 1 

m/s in cfPWV resulted in a 7% increased likelihood for a cardiovascular event. They 

concluded that even after adjusting for traditional CVD risk factors, cfPWV was still able 

to predict future CVD events (Ben-Shlomo et al., 2014).  

 A similar study by Willum Hansen et al. in 2006 looked at 1,678 Danish citizens 

aged 40-70 years old. The researchers took measurements of in-office pulse pressure, 24-

hour ambulatory pulse pressure, and a pulse wave velocity measurement. Then they 

followed up with the subjects for a median of 9.4 years. They examined the hazard ratios 

associated with a 1 SD increase in all 3 measurements (SD= 13mmHg for pulse pressure, 

9mmHg for ambulatory pulse pressure, and 3.4m/s PWV). For cardiovascular mortality 

they found hazard ratios of 1.85, 1.70, and 1.61 for pulse pressure, ambulatory pulse 

pressure, and PWV respectively. However, when these findings were adjusted for age, 

sex, body mass index (BMI), mean arterial pressure (MAP), smoking history, and alcohol 

intake, the only measure that still had a significantly greater hazard ratio was PWV, being 

1.20 (Willum Hansen et al., 2006).  

 While PWV has shown prognostic value above the current primary risk factors for 

cardiovascular disease, pulse wave analysis has also shown promising results in better 

predicting incidences of various cardiac events. Briefly, pulse wave analysis (PWA) is a 
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non-invasive measurement taken through either applanation tonometry or through the 

volumetric displacement of a standard blood pressure cuff (Butlin & Qasem, 2016). This 

test provides us with measures such as central blood pressure, augmentation pressure 

(AP), augmentation index (Aix), and Aix corrected for a heart rate of 75 bpm (Aix75) 

and can be used to assess arterial stiffness, all of which will be discussed in detail in the 

next section.  

 A study by Nürnberger et al. in 2002 assessed the association between the 

augmentation index and cardiovascular disease risk. This study looked at 216 individuals, 

both healthy and those diagnosed with some form of cardiovascular disease. They 

performed a pulse wave analysis assessment using applanation tonometry and used 3 

separate risk predictors on each participant to assess the relationship between Aix and 

CVD risk. The 3 risk scores used in this study were: the European Society of Cardiology 

risk score (ESC risk score), which estimates the risk of developing coronary heart disease 

in the next ten years, the SMART risk score which predicts the risk of cardiovascular 

events occurring in the next ten years, and finally the EPOZ risk score, which predicts the 

probability of dying in the next 11.5 years.  

They found that the augmentation index rose significantly as risk scores went up 

and was significantly correlated with all 3 of the risk scores used in the study (P< 

0.0001). The study also noted this relationship was present in both the healthy group and 

those with CVD (Nürnberger et al., 2002). While this was a cross-sectional study and 

causation cannot be determined, there is a clear relationship between augmentation index 

and cardiovascular disease risk.  
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A study conducted by Weber et al. in 2004 looked at the risk for coronary artery 

disease (CAD) based on arterial pulse wave analysis. For this study they performed PWA 

on male subjects who were going in for coronary angiography. Those who were found to 

have at least one 50% or greater blockage in one or more coronary vessels or those who 

already had a previous stent placed were classified as having significant CAD. They 

found that the different PWA measurements were significantly associated with CAD 

(Aix: p= 0.007, AP: p= 0.004, Ax75; p= 0.01). They also found there were significant 

correlations between AP and Aix75 and the severity of CAD based on the angio-scores. 

Even after adjusting for age, height, cholesterol, and medication usage there was still a 

significant association between Aix and CAD. When looking at age differences they 

found that those who were under 60 years old had stronger correlations (Weber et al., 

2004).  

While brachial blood pressures are able to give us important information and can 

be used as a traditional risk factor, measures of central pressures and pulse wave 

characteristics give us greater insight. As the pulse wave travels through the arterial tree 

the pressure is amplified, and therefore the pressures centrally can differ greatly from 

those found at the brachial artery. The central pressure gives us an accurate look at the 

loads that are placed on the left ventricle (Laurent et al., 2006). The combination of PWV 

and PWA gives us a better picture of the characteristics of the aorta and the conditions 

the heart and other target organs are placed under.  

Global longitudinal strain has also been shown to have prognostic value. When 

trying to assess the systolic function of the heart, ejection fraction (EF) has traditionally 

been the measure that has been used, particularly left ventricular ejection fraction 
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(LVEF). However more recently, GLS has been shown to have a better predictive value 

than EF. A review by Potter and Marwick discusses how an EF can be normal even in the 

presence of systolic dysfunction, this being due to left ventricular hypertrophy and having 

a small stroke volume. They also discuss that while EF has prognostic value and is 

inversely correlated with all-cause mortality, this is only true when LVEF is below 40-

45%, above which it is unrelated to mortality (Potter and Marwick, 2018).  

Additionally, a meta-analysis by Stanton et al. examined over 5,700 subjects 

found GLS is a strong predictor of all-cause mortality, cardiac death, heart failure 

hospitalization, as well as malignant arrhythmias (Stanton et al., 2009). While GLS is 

currently most used for the assessment of left ventricular dysfunction in those undergoing 

chemotherapy treatments for cancer, it has also shown promise in other clinical 

populations. The first of these is hypertensive patients where reductions in strain can be 

seen independent of LV hypertrophy and diastolic dysfunction (Szelenyi et al., 2015). In 

diabetic patients, systolic dysfunction has been seen in more than half of asymptomatic 

subjects (Potter and Marwick, 2018). A study by Ernade et al. assessed diabetic patients 

and found that changes in systolic function were present in nearly a third of patients who 

still had normal diastolic characteristics. This led them to the conclusion that changes in 

strain may be an early clinical marker for diabetic cardiomyopathy (Ernande et al., 2011). 

When looking at the current literature, there is a strong case for the use of novel 

techniques for the detection of early signs of cardiovascular disease. GLS based changes 

in myocardial function can be seen even before changes in hypertrophy or diastolic 

dysfunction in hypertensive and diabetic patients respectively. This can result in early 

detection of cardiac function and possible retarding of the progression of cardiovascular 
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disease. Similarly, PWA and PWV measurements have shown clear evidence that the use 

of arterial stiffness and central blood pressure measures have predictive value above 

current risk factors. Thus, these tests should be used to assess the general population to 

increase detection of potential disease states.  

Pulse Wave Analysis 

 As early as the late 19th century we have been able to measure pulse pressures and 

even analyze the pulse wave of the radial artery. This was due to sphygmography, a 

device that could be fitted around the wrist and would draw out the resulting waveform 

(Hirata, Kawakmai, & O’Rourke, 2006; Noon, 2009). However, this was replaced by the 

modern-day cuff sphygmomanometer and focus was shifted to brachial blood pressure 

measures. Recently the concepts of arterial stiffness and central hemodynamics and their 

role in cardiovascular disease have been looked at with more importance due the idea that 

systolic, diastolic, and pulse pressures are related to the physical properties of the arteries 

(Noon, 2009). While PWV is considered the “gold standard” measure of arterial stiffness, 

PWA gives us another way of measuring arterial function and allows us to analyze other 

parameters than PWV alone (Doupis, Papanas, Cohen, McFarlan, & Hortan, 2016). 

 When PWA is performed the parameters given are: Central blood pressures, 

brachial blood pressures, augmentation pressure (AP), augmentation index (Aix), and 

augmentation index corrected for a heart rate of 75 beats per minute (Aix75). The test can 

be performed using multiple methods including applanation tonometry of the radial or 

carotid arteries or using a specialized cuff equipped with a high-fidelity micromanometer 

at the brachial artery. The waveforms measured at these peripheral sites are analyzed 
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using a transfer function (discussed later) and central parameters are then given (Butlin & 

Qasem, 2017; Davies & Struthers, 2005). 

 When the heart beats, a pressure wave is created and travels forward through the 

arterial tree. It first encounters large elastic arteries such as the aorta, carotid, and iliac 

arteries. When the pressure waveform reaches areas of impedance, such as the more 

muscular peripheral arteries and bifurcations, a reflected wave is created. This causes the 

forward-moving wave to be amplified and continue to move forward, and the reflected 

pressure waveforms travel back toward the heart. In young and healthy individuals this 

reflected waveform arrives back to the heart in diastole or late systole. When it arrives at 

this point at the cardiac cycle it aids in coronary perfusion due to augmenting diastolic 

pressure. However, when the large elastic central arteries are stiff, the pressure waves 

travel faster. This results in the reflected wave arriving back at the heart sooner, during 

systole, and augments systolic pressure. When this happens the reflected pressure wave 

interacts with the forward-moving wave as it leaves the left ventricle. This causes 

increased pressures and appears as a shoulder in the pulse pressure waveform. When 

examining a central pulse pressure waveform, the first increase in pressure is from the 

forward moving wave. The first shoulder marks where the reflected wave arrives, and 

this augments the pressure measured. The difference in pressure from the first shoulder to 

the peak pressure measured is called the augmentation pressure (Shirwany & Zou, 2010).  

 Another measure analyzed during PWA is the augmentation index (Aix). This 

measure is used as an indirect estimate of arterial stiffness (Shirwany & Zou, 2010; 

Doupis, Papanas, Cohen, McFarlan, & Hortan, 2016). Instead of looking at the absolute 

increase in pulse pressure like the AP, the augmentation index is a measure of the 
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contribution of the reflected wave to the overall pulse pressure (Stoner et al., 2014). It is 

calculated by dividing the augmentation pressure by the pulse pressure and multiplying 

by 100. The augmentation index is also given corrected for a heart rate of 75 bpm. The 

Aix is affected by the heart rate that it corresponds with. Therefore, in a study that is 

taking multiple measurements and looking at many participants this measure is important. 

It allows the researcher to compare Aix of the same participant who may have a different 

HR between measurements and also between different groups of participants.  

 The final measurement given by PWA is central blood pressure. As stated above, 

due to the physical properties of the arterial system, the pressure is amplified as it travels 

through the arterial tree. This is due to the shift from large elastic arteries found centrally 

to the more muscular arteries controlled by a vasomotor tone and is known as the 

“amplification phenomenon” (Laurent et al., 2006). Due to this phenomenon, the pressure 

found centrally can differ significantly from that measured at peripheral sites such as the 

brachial artery. For example, Roman et al. found a 10mmHg difference measured 

between brachial and central systolic pressures, 130mmHg brachial SBP compared to 

120mmHg central SBP (P< 0.001) (Roman et al., 2007). While blood pressure found at 

the periphery can give a general idea of blood pressure, it does not accurately reflect the 

conditions in the entire arterial system. In the context of CVD, it also does not give an 

accurate depiction of what the main target areas of this disease are put under. The central 

pressure is what the left ventricle, coronary arteries, cerebral system, and the renal system 

will be placed under, not the peripheral pressures. Therefore, central pressure provides 

better insight into the loading that these target organs experience (Roman et al., 2007). 
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 While arterial stiffness can be measured directly using an ultrasound/catheter tip 

manometer system, this involves an invasive procedure and therefore does not make 

sense to use in a clinical setting (O’Rourke, Staessen, Vlachopoulos, Duprez, & Plante, 

2002). However, commercial systems such as the SphygmoCor system (AtCor Medical, 

Sydney, Australia) allow for the noninvasive measurement of arterial stiffness through 

the use of a transfer function. In the 1970s O’Rourke and Lasance used a transfer 

function to assess the relationship between aortic and brachial artery pressures in those 

with valve disease and atrial fibrillation undergoing cardiac catheterization. They found 

the transfer functions were similar among all patients looked at, although patient 

characteristics varied (Hirata, Kawakmai, & O’Rourke, 2006).  

In 1993, Karamanoglu again found similar results looking at patients with 

coronary artery disease. After analyzing published data, they found that an average 

transfer function could be used to recreate accurate pressure waveforms in the aorta from 

waveforms analyzed in the upper arm (Karamanoglu, O’rourke, Avolio, & Kelly, 1993; 

Hirata, Kawakmai, & O’Rourke, 2006). This average transfer function was coined the 

Generalized Transfer Function and is the basis for noninvasive central pulse wave 

analysis used in commercial devices.  

Pulse Wave Velocity 

 While PWA measurements such as the Aix can be used as an indirect measure of 

arterial stiffness, PWV is a more direct measure of stiffness (Zhong et al., 2018). PWV is 

a measure of the speed at which the pressure wave travels through the arterial system. 

This is performed by measuring the pulse at two sites on the body and dividing the 

distance by the travel time of the pulse. While this measurement can be taken at multiple 
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sites, for central, or aortic PWV, the pulse is measured at the carotid and femoral arteries 

(cfPWV) (Hirata, Kawakmai, & O’Rourke, 2006). This measure can be found in one of 

two ways. The first is using applanation tonometry at both sites and a simultaneous ECG 

used to time for the R-wave. The second method uses applanation tonometry at the 

carotid site and a cuff-based method similar to the one used in PWA at the femoral site 

(Butlin & Qasem, 2017). 

 Similar to arteries in the rest of the body, the aorta is susceptible to a variety of 

conditions which can cause it to stiffen and become less compliant. Central arteries, such 

as the aorta, are large and elastic. Due to this, when the heart beats, this elasticity causes 

the forward pulse wave to have a relatively low velocity. This slow velocity allows for 

the reflected pressure wave to return to the heart late in late systole or early diastole 

which provides favorable diastolic pressure and allows for good circulation to the 

coronary arteries (Shirwany & Zou, 2010).  

 However, as we age the arterial tree becomes less compliant (stiffer). This is due 

to changes in the arteries such as intimal thickening, plaque formation, increased calcium 

deposits, greater collagen levels, and endothelial dysfunction. All of these lead to changes 

in the physical makeup of the arteries and result in stiffer arteries (Zhong et al., 2018). 

This stiffening results in a less compliant artery which does not provide a “cushioning” 

effect that would decrease the speed at which the blood travels through the vascular 

system. While stiffening occurs due to aging, diseases such as hypertension and diabetes 

can cause premature stiffening due to changes in the mechanical properties of the 

vasculature. As noted above there are multiple reasons for decreased compliance in 

arteries. When the arteries are exposed to increased pressure over long periods of time 
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(hypertension) or with chronic inflammation (diabetes), there is an increased production 

of collagen and decreased production of elastin. Over time this mismatch in production 

results in structural changes and leads to stiffening of the arteries (Shirwany & Zou, 

2010). 

 When the arteries stiffen and central blood pressures increases, the afterload that 

the heart has to overcome is increased. Overtime this leads to increased left ventricular 

hypertrophy, LV wall thickness, and LV mass index (Miyachi et al., 2004). Previous 

meta-analyses have examined the changes in LV geometry and functional changes. 

Zhang et al. found that there were no changes in LV ejection fraction after resistance 

training and combination training in those with CVD (Zhang et al., 2018). However, as 

mentioned previously, a 2018 review stated the global longitudinal strain is a more 

sensitive measure of cardiac function than ejection fraction (Potter & Marwick, 2018). 

Therefore, changes in global longitudinal strain will be assessed to measure changes in 

cardiac function.  

 Furthermore, if changes in arterial stiffness occur, there could be relationships 

present between changes in arterial stiffness and myocardial strain. As noted above, as 

stiffness increases, so does the work of the heart and in turn left ventricular hypertrophy 

increases. Based on this knowledge, it is hypothesized that as measures of arterial 

stiffness increase a resulting decrease in global longitudinal strain will occur and vice 

versa. Therefore, correlations between markers of arterial stiffness and strain will be run 

to test this hypothesis.  

 When the central arterial axis stiffens and pulse wave velocity increases, changes 

in the pulse wave can be seen. As discussed earlier, the changes that are seen include a 
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higher systolic pressure that is attributed to the augmentation of the pressure waveform 

from the reflected wave. Increased PWV and therefore increased central pressures have 

been associated with many diseases. These include coronary artery disease, atrial 

fibrillation, heart failure, stroke, and have shown an increased risk for CVD and increased 

cardiovascular events (Ben-Shlomo et al., 2014; Nürnberger et al., 2002; Roman et al., 

2007; Shirwany & Zou, 2010; Willium-Hansen et al., 2006). Due to this increased risk 

profile associated with increased pulse wave velocity and increased central pressures, the 

emphasis has been placed on ways to reduce these measurements. One area that has been 

traditionally used to help with CVD risk is exercise.  

Current Exercise Guidelines 

 The ACSM has exercise guidelines for the general public to reduce CVD risk. 

The guidelines for exercise are a total of 150 minutes of moderate to vigorous aerobic 

activity a week performed 3-5 days a week. They also include resistance training 

guidelines which are 2-3 days a week of 2-4 sets of 8-12 reps (60-80% 1RM) focusing on 

all the major muscle groups. These recommendations have shown many health benefits 

including lowering blood pressure, decreased CVD risk and event rate, improving lipid 

and c-reactive protein profiles, and improving insulin sensitivity (American College of 

Sports Medicine, Riebe, Ehrman, Ligouri, & Magal, 2018; Garber et al., 2011).  

 However, a majority of these health benefits can be said to be due to aerobic 

exercise compared to resistance training in the general population. In the 2019 guidelines 

for the prevention of cardiovascular disease by the ACC/AHA, the majority of exercise 

discussion is focused on the benefits of aerobic exercise on CVD risk reduction. Only a 

small portion of the paper is dedicated to resistance training and its benefits, which 
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include increased insulin sensitivity, increased physical functioning, possible blood 

pressure lowering effects, and possible CVD risk reduction (Arnett et al., 2019). While 

aerobic exercise has shown to have a beneficial effect on the cardiovascular system, less 

is known about the effect of resistance training on cardiovascular health.  

Current guidelines put in place by many organizations such as the ACSM, ACC, 

AHA recommend resistance training prescriptions of 8-12 reps at 60-80% of 1 repetition 

maximum (1RM). These are relatively lower intensity prescriptions. This is due to the 

idea that higher intensity resistance training prescriptions can lead to increased arterial 

stiffness and increased blood pressures, something that should be avoided. However 

previous statements by the AHA have stated the effect of resistance training on central 

and peripheral compliance remain inconsistent and controversial. This same statement 

also notes that resistance training can be an important aspect to add to training programs, 

as it adds variety and potentially assists in maintaining adherence to exercise programs. 

(Williams et al., 2007).  Therefore, it is important to understand exactly how resistance 

training affects the hemodynamic profile of those undergoing training. While lower 

intensity programs are generally accepted as having neutral or even beneficial effect on 

cardiovascular characteristics, current literature is inconsistent when looking at higher 

intensity programs. 

Resistance Training and Arterial Stiffness 

 When looking at the effect of resistance training programs, especially high-

intensity programs, there is still debate on the effect it has on the cardiovascular system. 

For example, a meta-analysis by Ashor et al. in 2014 found that resistance training alone 

had no significant effect on PWV (WMD= -0.04, p= 0.82). This meta-analysis examined 
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17 randomized control trials that had weightlifting only interventions. The examined 

interventions ranged from 8-16 weeks and typically were completed about 3 times per 

week. The intensity of the studies examined ranged from 40-100% of 1RM but most were 

around 80% of 1RM. When running a subgroup analysis, they also did not find any 

relationships based on exercise intervention characteristics (Ashor, Lara, Siervo, Celis-

Morales, & Mathers, 2014).  

 Statistically there were no differences between pre and post measures of PWV in 

the meta-analysis, but even if the WMD of -0.04 m/s was significant, this does not relate 

to much clinical significance. The current guide for clinical significance for PWV is that 

for every 1.0 m/s increase there is a 12-15% increase in CVD risk and CVD mortality so 

a change that small would not mean much. This meta-analysis also looked at Aix and 

found there was a nonsignificant reduction in Aix (WMD= -1.69%, p= 0.17) (Ashor, 

Lara, Siervo, Celis-Morales, & Mathers, 2014). Based on this study it would seem that 

while there are no beneficial effects on the cardiovascular system, there were also no 

detrimental effects. 

 This study by Ashor et al. comes to the opposite conclusion as a study done by 

Miyachi just a year earlier. The meta-analysis performed by Miyachi in 2013 examined 8 

randomized control trials that looked at resistance training and its effect on PWV as well 

as the carotid beta index. They found that overall resistance training had a negative effect 

on arterial stiffness. They further looked at the studies using subgroup analysis and found 

the studies that used high-intensity training (>70% 1RM) had significant increases in 

stiffness, but those using moderate intensity (40-70%) training did not. They also found 

that the 3 studies examining older subjects did not increase measures of stiffness, but the 
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5 that used younger subjects did result in increased stiffness. However, it should be noted 

that 4 out of the 5 studies using younger subjects used high-intensity protocols, and all 3 

studies looking at older subjects used moderate-intensity protocols (Miyachi, 2013). 

 While he concludes that overall resistance training did have a negative effect on 

arterial stiffness, it appears that only studies using protocols above 70% of 1RM show 

this increased stiffness. The author does note however that since the increased stiffness is 

seen only in younger participants (these study’s average ages ranged from 19.1-22 years 

old) who started with low baseline levels of stiffness it may not be clinically significant. 

The overall increase in PWV was 0.72 m/s, and while this is nearing the 1 m/s increase in 

PWV that is deemed clinically significant, those who are young may not see such large 

increases in CVD risk due to having low baselines (Miyachi, 2013). After looking at two 

meta-analyses published one year apart, focused solely on RCTs, there are already 

conflicting results.  

 A study by Au et al. found that resistance training protocols improved measures 

of arterial stiffness. This was a randomized control trial consisting of a 12-week 

intervention that investigated the effect of a high vs. low repetition protocol on pulse 

wave velocity. This study recruited 32 healthy men who had a history of strength training 

(at least 2 years training at least 2 times a week). Participants were randomized into either 

a control, low rep (3 sets of 8-12 reps), or a high rep (2 sets of 20-25 reps) group. After 

the 12-week intervention they found that both the high rep and low rep group had 

decreased their pulse wave velocities. The high rep group went from 6.4± 0.7 to 5.7± 0.6 

m/s (P< 0.05) and the low rep group went from 6.2± 0.6 to 5.8± 0.8 m/s (P< 0.05) and no 

significant changes were seen in the control group (Au et al., 2017).  
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This study looked at those with a training history, which is unlike many studies 

that look at resistance training, which typically recruit those without significant training 

history. Due to this, it is interesting to see a significant decrease in pulse wave velocities, 

though this could be due to the training prescription. While the authors call one of their 

groups low rep, sets of 8-12 are more in line with the moderate-intensity training 

prescribed by the ACSM with their high rep group completing a very low-intensity 

routine (30-50%) (American College of Sports Medicine, Riebe, Ehrman, Ligouri, & 

Magal, 2018; Garber et al., 2011; Au et al.,2017). The control group in this study 

maintained their current level of activity throughout, which included their own lifting 

program they had been following up to that point. The study does not indicate the average 

training protocol undertaken by those in the control group, so it cannot be determined if 

there were large differences in the training interventions. Based on this study, it appears 

that reductions in markers of arterial stiffness can occur in those with a previous history 

of resistance training (Au et al., 2017). 

The study by Morra et al. also examined those with a long history of resistance 

training. This was a cross-sectional epidemiological study that sought to assess the 

relationship between long term weightlifting on a multitude of cardiovascular outcomes. 

Morra et al. recruited 69 healthy men aged 20-50 years old that had a history of either 

endurance running or high-intensity weightlifting, and a control of healthy untrained 

participants. Those who were endurance runners had to have been training for either half 

or full marathon distances for greater than two years, train at least 4 times a week, and 

have a baseline VO2max of at least 50 ml/kg/min. Those in the resistance training group 

had to have been training at least 2 years with 90% of their training performed at greater 
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than 80% of 1RM, 5 sessions minimum per week, and a BMI of at least 27 kg/m2 (Morra 

et al., 2014). 

The average training history for both the aerobic and resistance training athletes 

was similar, 9.4 years and 9.1 years respectively. They found that PWV was significantly 

lower in both training groups when compared to the untrained, age-matched control 

group. The average PWV for those in the resistance training group was 7.5± 0.13 m/s and 

was 7.2± 0.14 m/s in the endurance runners compared to 8.2± 0.16 m/s in the control 

group (p< 0.05 for both groups). They also found that there were no significant 

differences in central pressure between any of the three groups. While this was not an 

RCT, and therefore no causation can be determined, this study showed that long term 

high intensity lifters have similar PWV and central pressures to those who are aerobically 

trained (Morra et al., 2014). 

While the study by Mora et al. seems to show that long term high intensity 

resistance training does not have any negative effect on arterial stiffness, a review by Li 

et al. that looked at the effect of different exercise modalities on arterial stiffness in both 

normotensive and hypertensive adults concluded otherwise. This review analyzed 17 

RCT, 11 of which involved resistance training alone. Training duration ranged from 8-16 

weeks, and intervention intensities ranged from 20-100% of 1RM. Based on the studies 

that were analyzed they come to the conclusion that moderate to light resistance training 

does not have any negative effect on measures of arterial stiffness, but those who 

implemented protocols using intensities above 80% of 1RM resulted in increased 

measures of arterial stiffness (Li et al., 2015). While this is not a meta-analysis, it is a 

review of only RCTs and provides thorough review of current literature. One thing to 
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note with this study as well as many of those looking at resistance training, is that the 

majority of the participants are male. Few studies have examined the effect that weight 

training has on just women. 

However, Cortez-Cooper et al. conducted a study in 2005 that looked exclusively 

at healthy young women. This study had a unique resistance training protocol when 

compared to most studies. Participants were randomized into either an 11-week control or 

resistance training period. The training was performed in a progressive manner. For the 

first four weeks of the protocol, those in the exercise group performed 3 sets of 10 reps 

for each exercise. In the following four weeks they increased the intensity and performed 

3 sets of 5 reps. In the final 3 weeks of the study the exercises were performed in pairs of 

super sets. Each exercise was completed for 6 sets of 5 reps, where the first 4 sets had an 

increasing weight each set, and the last two sets had a decreasing weight (Cortez-Cooper 

et al., 2005). 

While this is not a typical protocol, it is one of the few that implement sets with 

higher intensity weights lifted. However, the results showed this training resulted in 

detrimental effects on arterial stiffness. PWV significantly increased after the 11-week 

intervention as well as the carotid augmentation index. Interestingly, PWV also 

significantly increased in those in the control intervention. While a recent history of 

weightlifting was an exclusion criterion, women in both groups could be recreationally 

active. This may have played a role in the increased PWV seen in the control group, 

though it was noted activity levels did not change and the authors claimed this finding 

was due to spontaneous factors. The authors concluded that a short duration, progressive 
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high intensity increased measures of arterial stiffness in healthy young women (Cortez-

Cooper et al., 2005).  

Cortez-Cooper et al. also examined the effect that resistance training has on older 

adults in 2008. This study included both men and women aged between 40-80 years of 

age. This age range is where resistance training is especially recommended to slow 

muscle mass and bone mineral density loss due to aging and inactivity. Unlike their 

previous paper, this incorporated a more standard lifting protocol that lasted 11 weeks. 

Subjects in the lifting only protocol lifted 3 days a week and performed one set of 8-12 

(70% 1RM). Those placed in the combined aerobic and resistance training lifted 2 days a 

week following the same program and also walked or cycled for 30-45 minutes at 60-

75% of heart rate reserve on 2 days a week. They found there were no significant 

differences between pre and post PWV in either training group or the control group. 

While it is promising that there were no negative side effects of resistance training on the 

cardiovascular system in this older population, the study did utilize a more moderate 

training program as compared to their previous study which utilized a progressive 

training protocol (Cortez-Cooper et al., 2008). 

Another study that incorporated a progressive prescription was run by Croymans 

et al. This study looked at obese, sedentary young men and the effect of resistance 

training on central blood pressures as well as PWV. This study was a pilot study and 

therefore used 8 control subjects and 28 subjects randomized into the training group. The 

training was 3 times a week for 12 weeks and progressed in intensity. Weeks 1-2 

consisted of 2 sets of 12-15 reps, weeks 3-7 they performed 3 sets of 8-12, and weeks 8-

12 they completed 1 set of 6-8 reps for each exercise. They found this training protocol 
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did not have a significant effect on PWV or AI (P= 0.43 and 0.34 respectively) 

(Croymans et al., 2014). 

 This finding contrasts with the previous study by Cortez-Cooper. In addition to 

this finding, they also saw significant decreases in multiple blood pressure measurements 

including cSBP (P=0.01), cDBP (P=0.02), brachial SBP (P=0.03) and brachial DBP 

(P=0.01). The study concluded that high-intensity, progressive RT program was able to 

improve central and peripheral blood pressures and had no negative effect on arterial 

stiffness. The changes in blood pressure were not trivial decreases, as cSBP went from a 

median value of 111.5 to 106.5mmHg, cDBP went from a median of 80.8 to 76.3mmHg 

and even larger changes were seen for the peripheral blood pressures. As stated above, 

this study appears to reach opposite conclusions when looking at the effect that a 

progressive, high intensity RT program has on central pulse wave measurements 

(Croymans et al., 2014).  

So far all of the studies discussed have looked at a healthy population. Some 

studies included obese and sedentary subjects, but they were otherwise healthy when 

looking at the presence of CVD risk factors and other health issues. There has been meta-

analysis performed on studies that have looked at the effect of resistance training on 

arterial stiffness in those who do have CVD and risk factors such as hypertension, 

obesity, and type two diabetes (Zhang et al., 2018). A meta-analysis by Zhang et al. 

found that for PWV there was no significant difference found after resistance training 

interventions when compared to control groups (MD=-0.26m/s, P= 0.27). This same 

analysis also looked at central blood pressures and found there were significant decreases 

for both central systolic and diastolic pressures in the resistance-trained groups compared 
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to controls (cSBP: MD= -7.62mmHg, P= 0.0000, cDBP:  MD= -4mmHg, p= 0.001) 

(Zhang et al., 2018). 

Another 2018 meta-analysis also looked at resistance training for those with CVD 

or at risk for CVD. The average sample size for the studies examined was 56 participants 

who were mostly older (52-69 years old). All studies had interventions lasting at least 8 

weeks and most had training on 3 days a week. They found that after resistance training 

there was a nonsignificant decrease in PWV (MD= -0.4, p= 0.167) (Evans et al., 2018). 

Based on results from both of these meta-analyses it can be concluded that there is not a 

chronically increased burden placed on the heart from resistance training even in those 

with or at risk for cardiovascular disease. However, neither of these studies indicated the 

resistance training intensities that were used in all of the studies analyzed. When the 

individual studies were examined, it was found that most utilized a moderate to light 

intensity resistance training protocol.  

There are few published articles that have examined high intensity weightlifting 

protocols and their effect on central hemodynamics and arterial stiffness. Although a 

recent review by Figueroa et al. did look at some high intensity protocols. The review 

looked at both high and low intensity resistance training on arterial stiffness and central 

blood pressure in both normotensive and hypertensive adults. When looking at higher 

intensity studies, they concluded the overall effect that high intensity resistance training 

has on PWV is either an increase or no effect in both young and old populations. When 

looking at the effect it has on both central and peripheral blood pressures it was shown 

that there is either a decrease or no change for higher intensity lifting (Figueroa et al., 

2019). 
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The author notes there is still a need for more evidence when looking at protocols 

that incorporate intensities greater than 80% of 1RM. They also state there have been 

limited studies that look at the central BP effects of resistance training and there is not 

enough current evidence to conclude if different training characteristics (intensity, 

modalities, etc.) may impact the anti-hypertensive effect of training. The authors state 

that while the potential for adverse effects from high intensity resistance training exist, 

the majority of studies have shown it has no effect on arterial stiffness, and that training 

at any intensity has shown promising effects on both peripheral and central BPs 

(Figueroa et al., 2019). Based on this recent review, it seems there is still a need for clear 

evidence on high intensity resistance training.  

One such study was done in 2019, by Werner et al. This study by Werner et al. is 

the most similar to the current study. It recruited 30 healthy male subjects aged 18-30 

years old and underwent a 12-week intervention. It used 3 groups, a control group, a 

high-volume group, and a high intensity group. Those in the high-volume group 

performed 3-4 sets of 10-15 reps, and the high intensity group did 2-3 sets of 3-8 (80-

90% 1RM). During the first two weeks they performed exercises on 3 days a week, but 

for the remainder of the study performed a split upper-lower body routine where the 

upper and lower body exercises were each performed 2-3 days a week. They found there 

were no significant differences in PWV or central systolic and diastolic pressures 

(Werner et al., 2019). 

The major difference between this study and the current one is those who were 

included in the study sample. Werner’s study chose to look at just young, healthy men 

due to younger women having “different baseline arterial stiffness than male 
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counterparts, potentially causing differences in primary outcomes” (Werner et al., 2019). 

The current study’s main outcomes were to assess the effect of high intensity resistance 

training on obese and overweight, sedentary men and women. This population has been 

under studied in regard to cardiovascular adaptations to resistance training. Further, the 

age range of 18-55 was used in the current study, a more broad and representative age 

range as opposed to those used by Werner and Croymans who looked at younger 

individuals only (Croymans et al., 2014; Werner et al., 2019). 

The current exercise guidelines recommend resistance training due to its benefits 

on body composition, glycemic control, and improved strength and quality of life 

(Williams et al., 2007). However, the current guidelines by the ACSM recommend 1 set 

of 8-12 reps (60-80% 1RM) (American College of Sports Medicine, Riebe, Ehrman, 

Ligouri, & Magal, 2018; Garber et al., 2011). Does this mean that those wishing to 

exercise at higher intensities may be exposing themselves to adverse outcomes, especially 

when looking at the cardiovascular system? Based on the current evidence discussed, it 

shows there is still need for more studies to be done concerning true high intensity 

resistance training protocols and the effect they have on central hemodynamics and 

arterial stiffness. Due to this lack of evidence, this study aimed to assess the effect that 

high-rep/low load and low-rep/high load had on measures of arterial stiffness and central 

pulse wave analysis.  
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CHAPTER 3 

METHODS 

Subjects 

 Sixty-two subjects were enrolled with the expectation that at least 33 subjects 

completed all aspects of the study. Potential participants were recruited by flyers hung 

around the downtown Phoenix area as well as through the use of online social platforms 

such as Nextdoor and Facebook. The participants were randomly assigned to one of 3 

groups: High repetition/ low load resistance training, Low repetition/high load resistance 

training, and a Non-exercising control. At least 10 subjects were randomized into each 

group. 

 Inclusion Criteria 

 Subjects were included if they were 18-55 years of age, healthy, overweight or 

obese (BMI ≥ 25 kg/m2), had no recent history of starting a structured exercise program 

or diet in the last 3 months, and were sedentary (verified with a pedometer).  

 Exclusion Criteria 

 Current smokers and/or recreational drug users (less than 6 months since quitting) 

were excluded from the study. Those who answered “yes” to any questions on the 

Physical Activity Readiness Questionnaire (PAR-Q) or who had any musculoskeletal 

contraindications to aerobic or resistance exercise were excluded. Those who were 

diagnosed with diabetes or heart disease or are taking medications for the treatment of 

diabetes, heart disease, and hypertension were excluded from the study. A history of 

anabolic steroid use in the previous 6 months was also an exclusion criterion. Lastly, 
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those who were unwilling to follow any aspect of the study protocol or those unwilling to 

commute to the research locations were excluded from the study. 

Effect Size 

The projected sample size was calculated based on the primary aim to assess 

changes in PWV between intervention and control groups. Based on previous literature, it 

was estimated that a decrease in PWV of 0.61 m/s could be seen at the end of 12 weeks 

of resistance training with no change in control subjects (Cortez-Cooper et al., 2008). 

However, it was chosen to use a conservative estimate of a 0.34 m/s decrease in PWV for 

this power analysis. Based on the estimate of a 0.34 m/s decrease it was found that a 

sample of 33 subjects would be sufficient to have 80% statistical power at an ⍺ of 0.05. 

Study Design 

 Visit 1 (Screening)  

 Potential subjects came in for visit 1 which served as a screening visit after taking 

an online screening survey. Upon arrival subjects were given an informed consent and 

signed after it was thoroughly explained, and all questions were answered. Following 

this, subjects were given the PAR-Q and an additional medical health history 

questionnaire to assess for any exclusion criteria.  Subjects then had their height and 

weight taken using a stadiometer and scale (Seca 284, Seca, Hamburg, Germany) and had 

BMI assessed to ensure inclusion criteria were met. Subjects also had their blood pressure 

taken after five minutes rest using an automated blood pressure cuff (HEM-907XL, 

Omron, Kyoto, Japan). Following this, subjects were then given either an accelerometer 

(SenseWear, Bodymedia, Pittsburgh, PA) or a pedometer (Fitbit, San Francisco, CA) to 
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wear for a week to assess for activity level. After this had been worn for a week, subjects 

were then scheduled for baseline testing.  

Visit 2 and 3 or 39 (Baseline and Post Testing) 

Upon arrival subjects had their height and weight taken again to ensure the BMI 

classification was still met. After this they were brought into a quiet, temperature-

controlled room were PWV and PWA measurements were to be taken. Subjects rested in 

a supine position for at least 15 minutes prior to any measurements being taken. Subjects 

arrived in a fasted state (nothing but water after 10:00 PM the night before) and refrained 

from caffeine, alcohol, and dietary supplements for at least 24 hours before testing. 

Procedures followed were laid out by Van Bortel et al. (Van Bortel et al., 2012).  

All female participants were tested during the follicular phase of the menstrual 

cycle. Previous articles published (Papaioannou et al., 2009; Robb et al., 2009) have 

suggested controlling for the menstrual cycle to optimize study design. Recently, a study 

by Priest et al. found that fluctuating sex hormones through the menstrual cycle did not 

have any significant effect on central arterial stiffness as measured by cfPWV (Priest et 

al., 2018). However, to reduce possible confounding variables all females in the current 

study were measured at the same point in the menstrual cycle.  

Both PWA and PWV were measured using the SphygmoCor Xcel system (AtCor 

Medical, Sydney, NSW, Australia). This system has been validated by the previous 

SphygmoCor system and has been shown to be reproducible (Butlin et al., 2013; Hwang 

et al., 2014). When measuring PWA the Xcel system uses a cuff placed around the upper 

arm and measures the wave form at the brachial artery. The cuff first inflates to obtain the 

brachial blood pressures. Following this it inflates to a sub-diastolic pressure and 
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measures the volumetric displacement from each pulse wave. The system then uses the 

general transfer function to calculate the aortic waveform from the peripheral site (Butlin 

& Qasem, 2017). From the aortic waveform we are given CBP, AP, Aix, and Aix75.  

cfPWV is performed by simultaneously obtaining carotid waveforms using 

applanation tonometry at the carotid artery and cuff-based waveforms obtained at the 

femoral artery at the upper thigh. The distances from the carotid site to the suprasternal 

notch and from the suprasternal notch to the top of the cuff are then measured in a 

straight line using a tape measure. Due to the additional distance from the top of the cuff 

to femoral pulse found near the groin, the distance from the top of the cuff to the femoral 

pulse is then subtracted from the total distance. The PWV is then calculated from the 

distance between the two sites (D) divided by the time delay between the two sites (t). 

Therefore, the formula is PWV= D/t (m/sec) where D is the distance between the two 

sites in meters and t is time in seconds.  

Following the PWA and PWV measurements participants underwent a 

transthoracic echocardiogram in order to assess global longitudinal strain of the left 

ventricle. The echocardiogram was performed by a trained sonographer using the Terason 

uSmart 3300 system (Terason, Burlington, MA). Lagrangian strain was calculated using 

2D speckle tracking and was analyzed using EchoInsight (Epsilon Imaging, Ann Arbor 

MI). In order to calculate GLS, 3 separate views were obtained, the apical 4 chamber 

view, apical 2 chamber, and apical long axis. Image acquisition and analysis followed the 

guidelines put forth by the EACVI/ASE/Industry taskforce (Voigt et al., 2015). 
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Exercise Intervention 

Following baseline testing, subjects were randomized into either the high-rep/low 

load (HRLL), the low-rep/high load (LRHL) or the control group. Randomization was 

done using a software generated randomization table. Those who were randomized into 

the control protocol were asked to maintain their current level of physical activity for the 

duration of the 12-week intervention. Both of the intervention groups performed the same 

program other than the repetitions performed on each exercise. All exercise sessions took 

place at the Arizona State University Sundevil Fitness Center at the downtown Phoenix 

campus. Participants attended 3 sessions a week for 12 weeks and all sessions were 

supervised by trained personnel. Sessions lasted ~1-1.25 hours and were performed on 

nonconsecutive days. 

Those who were randomized into the HRLL group performed 3 sets of 15 

repetitions (~70% 1RM) to volitional fatigue and those in the LRHL group performed 3 

sets of 5 repetitions (~90% 1RM) to volitional fatigue. 2-3 warm up sets at a submaximal 

load were completed before performing their 3 sets at the intended workload for each 

exercise. The program followed a linear periodization format and weight was increased 

on each exercise as they adapted to training overload in order to maintain training 

intensity. Exercise sessions cycled between two workout routines. Day 1 consisted of: leg 

press, bench press, cable row, step ups, seated leg extension, seated leg curls, and 

abdominal crunches. Day 2 consisted of: leg press, overhead press, back extensions, 

dumbbell lunges, latissimus dorsi pull downs, lying tricep extensions, and barbell bicep 

curls.  
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Repetition Maximum Testing 

 Repetition maximum testing took place during week 1, 6, and 12 and was used to 

ensure appropriate weight progression occurred as well as to test baseline and ending 

strength. Subjects performed 5 and 10 repetition max tests on the leg press, bench press, 

and latissimus dorsi pulldown. All 5 repetition max tests occurred on one day and the 10 

repetition max tests were performed 48 hours after. Participants warmed up by 

performing 2 warmup sets of 5 or 10 repetitions with a low load based on individual 

ability. After these warmup sets weight was added to each subsequent set that the 

participant is able to complete the desired repetition amount with good form. If they fail 

before reaching the desired rep amount the highest weight lifted for the complete set will 

be used.  

Statistical Analysis 

Data were analyzed using SPSS software (version 25). Baseline differences in 

subject characteristics were analyzed using a one-way ANOVA. All pre-post data were 

analyzed using a linear mixed-model ANOVA in order to examine main effects between 

the group, time (pre-post), and group x time interactions. Sidak post hoc analysis was run 

if the omnibus f-test was significant. Correlations between changes in variables were 

assessed using bivariate linear correlations and Pearson correlation coefficients were 

analyzed.  All p values were calculated based on a two-tailed hypothesis and alpha was 

set at 0.05.  
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CHAPTER 4 

RESULTS 

Baseline Characteristics 

 Twenty-one subjects completed the study intervention and completed both pre 

and post-testing (4 control, 11 LRHL, 6 HRLL). Recruitment for this master’s thesis was 

cut short due to the COVID-19 outbreak which resulted in a complete cessation of all 

research activities at our institution.  Table 1 outlines the participant baseline 

demographic information. No significant differences were seen between subject 

demographics at baseline (p > 0.05). 
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Table 1. Demographic information by group at baseline (mean values ± SD) 
 Control LRHL HRLL p value 
Age (years) 38.5 ± 12.9 34.1 ± 10.9 35.0 ± 9.8 0.791 
Sex (M/F) 2M, 2F 5M, 6F 2M, 4F  
Height (cm) 177.1 ± 13.5 172.8 ± 13.9 171.5 ± 9.3 0.78 
Weight (kg) 86.7 ± 10.3 94.8 ± 25.4 103.3 ± 20.8 0.518 
BMI (kg/m2) 27.6 ± 1.6 31.3 ± 5.5 35.7 ± 10.5 0.209 
Body fat (%) 40.5 ± 4.0 42.6 ± 6.9 41.4 ± 6.7 0.702 

M and F represent male and female respectively 
LRHL represents low repetition/high load 
HRLL represents high repetition/low load 
  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



36 

Pulse Wave Velocity 

 A significant group x time interaction was found when examining the group by 

visit changes in PWV (P= 0.024) as well as a trend towards change by visit, post lower 

than pre (P= 0.059). However, there were no significant group differences seen upon post 

hoc analysis due to the control group confounding the results found. I observed an 

unanticipated 0.5 m/s decrease seen in the control group due to unknown reasons (7.6 ± 

0.8 vs. 7.1 ± 0.8). Similarly, there was a 0.4 m/s decrease seen in the HRLL intervention 

group (7.03 ± 0.67 vs. 6.59). When looking at the LRHL training group there was a 

nonsignificant increase of 0.2 m/s found after the intervention (6.7 ± 0.5 vs. 6.9 ± 0.5). 

Figure 1 depicts the changes in PWV observed between all 3 groups. Table 2 shows the 

changes observed for all variables examined. 
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Figure 1. Changes in PWV across all 3 intervention groups. Error bars 95% CI 
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Central Pressures 

 There were no significant differences found between intervention groups when 

looking at measures of central pressure (P > 0.05). Both Aix and Aix75 show 

nonsignificant increases in the control group 14.8 ± 5.7 vs. 19.9 ± 5.7 and 6.3 ± 5.7 vs. 

12.1 ± 5.6 respectively. Minimal differences were observed in both of the training 

groups. Figures 2 and 3 depict the changes in Aix75 and Aix respectively.  Figure 4 

depicts the results found for central systolic pressure which showed minimal amounts of 

variation between the control (112 ± 4.8 vs. 113 ± 4.8), LRHL (115 ± 2.9 vs. 116 ± 2.9), 

and HRLL (112 ± 4.0 vs. 115 ± 4.0) groups. Overall no main effects or interaction effects 

were observed in any of the central pressure measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

Figure 2. Changes in Aix75 across all 3 intervention groups. Error bars 95% CI 
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Figure 3. Changes in Aix across all 3 intervention groups. Error bars 95% CI 
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Figure 4. Changes in Central SBP across all 3 intervention groups. Error bars 95% CI 
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Heart Rate and Brachial Pressure 

 No significant differences were seen within or between groups after analysis (p > 

0.05). No differences were seen in heart rate between groups or after intervention in 

control (58 ± 3.4 vs. 59 ± 3.4), LRHL (62 ± 2.1 vs. 61 ± 2.1), or HRLL (65 ± 2.8 vs. 64 ± 

2.8). Similarly, no changes were seen in either the brachial systolic or diastolic blood 

pressures between or within a group. 

Left Ventricular Global Longitudinal Strain 

 No significant interactions were seen within or between groups after analysis (p > 

0.05). Minimal changes were observed between the 3 intervention groups. One of the 

tertiary aims of this study was also to assess any relationship between changes in GLS 

and markers of arterial stiffness.  Changes in LV GLS were not significantly correlated 

with PWV, Aix75, or central SBP. The strongest correlation observed between these 

variables was the relationship between LV GLS and central SBP which had a r2= 0.121, 

which is still weak. Figures 5-8 depict the changes in LV GLS between intervention 

groups as well as the correlation between arterial stiffness measurements. 
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Figure 5. Changes in LV GLS across all 3 intervention groups. Error bars 95% CI 
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Figure 6. Correlation between delta LV GLS and delta PWV 
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Figure 7. Correlation between delta LV GLS and delta Aix75 
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Figure 8. Correlation between delta LV GLS and delta central SBP 
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CHAPTER 5 

DISCUSSION 

The primary aim of this study was to assess the effect that either a high intensity 

or moderate intensity full body resistance training program performed on 3 days a 

week12 weeks would have on pulse wave velocity. After the 12-week intervention it was 

found that neither of the resistance training groups was superior to the control group for 

measures of arterial stiffness. One reason for this is due to the control group having an 

unanticipated outcome. 

 It was predicted that those in the control group would either have no changes in 

PWV or a slight increase over the course of the intervention. However, it was found that 

the control group had a large decrease in PWV (0.5 m/s), the biggest change seen across 

all groups. The LRHL group saw a small, nonsignificant increase (0.2 m/s) and the 

HRLL group saw a nonsignificant decrease (0.4 m/s). Due to this unanticipated result 

subject physical activity levels were examined in order to see if changes in activity could 

explain this. In the control group two of the four subjects saw minor changes in PWV, 

however two of them saw large reductions of 0.45 and 1.55 m/s. However, when physical 

activity levels were assessed, both of these subjects’ overall average steps per day were 

reduced by 1,536 and 1099 steps respectively from the beginning to the end of the study. 

Based on our ability to gauge changes in physical activity, it shows that these subjects 

become less active, however this was only measured for 7 days and the beginning and 

end of the study. Subjects may have exercised during the control period and not reported 

this information.  
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It was hypothesized that both resistance training groups would not have any 

detrimental changes after the intervention. Based on the results it can be concluded that 

neither of the resistance training interventions had any negative effects on arterial 

stiffness. These results are similar to a study by Werner et al. (2019).  

The study by Werner et al. found no statistically significant differences between 

control, high volume, and high intensity group after performing resistance training on 3-5 

days a week for 12 weeks. The major difference in the intervention in this study and the 

one by Werner was that the high intensity group performed 3-8 repetitions compared to 5 

repetitions in this study, and the high-volume group performed sets of 10-15 repetitions 

compared to 15 in this study. While there was more variation allowed in the Werner 

study, they also implemented slighter higher intensities allowing sets of 3 repetitions to 

be performed. This equates to 95% of 1RM as opposed to 87% used in this study. This 

difference in training intensities could explain the slight differences seen in the results 

between the two studies.  

While both studies saw a nonsignificant increase in PWV, this study only saw a 

minor increase (0.2 m/s) while the study by Werner et al. observed a 1.0 m/s increase. 

While they stated this was nonsignificant, the meta-analysis by Ben-Shlomo et al. 

concluded that a 1 m/s increase in PWV resulted in a 7% increase in CVD event risk in 

older adults. Therefore, there is a chance for increased risk based on the results of Werner 

et al. (Ben-Shlomo et al., 2014; Werner et al., 2019). Based on this information it could 

be hypothesized that there is a resistance training intensity threshold, above which 

detrimental effects can be seen in arterial stiffness measures. Based on the results of these 
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two studies which implemented intensities of 87% and 95% of 1RM it could exist 

between these two intensities.  

The results of this study differ from those from by Au et al. (2017) which found 

that there were significant decreases in PWV in both their low repetition and high 

repetition group (6.24 ± 0.56 vs. 5.77 ± 0.76 and 6.42 ± 0.7 vs. 5.72 ± 0.6 m/s 

respectively). One reason for this difference in results could be attributed to the 

difference in overall training intensities and repetitions used. Their low repetition group 

performed 3 sets of 8-12 repetitions and their high repetition group performed 3 sets of 

20-25 repetitions. So, while they implemented a low repetition/high intensity training 

group, it was not as high intensity as the training regimen in this study, and those in that 

group could have been performing sets of 12, which is close to this studies high repetition 

group (Au et al., 2017). 

This study saw minimal variations within and between groups regarding changes 

in central blood pressure. Between and within all groups there was only a 4 mmHg 

variation between all central systolic blood pressure measures (112-116 mmHg). There 

were no significant differences or interactions observed for central systolic or diastolic 

pressure. Similarly, there were no significant differences or interactions seen in Aix75 

measures. This result differs from that seen by Croymans et al. which observed 

significant decreases in central systolic and diastolic blood pressures, brachial systolic 

and diastolic pressures, as well as Aix75 after 12 weeks of resistance training (Croymans 

et al., 2014). 

The training intervention used by Croyman et al. differed significantly from the 

one used in this study. The training program in their study was a 12-week progressive 
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resistance training program. The first two weeks consisted of 2 sets of 12-15 repetitions, 

weeks 3-7 they performed 3 sets of 8-12, and weeks 8-12 they completed one set of 6-8 

repetitions for each exercise (Croyman et al., 2014). This study used a set repetition and 

intensity level, and adjusted the weight being lifted as previous loads became easier. This 

progressive increase in training intensity may have been to reason for these differing 

results as both studies included sedentary, overweight and obese and non-hypertensive 

participants.  

This study also performed an exploratory analysis to assess the effect these 

resistance training interventions had on left ventricular global longitudinal strain as well 

as to assess the relationship between changes in strain and measures of arterial stiffness. 

This study found no significant interactions by group, time, or group x time for LV GLS. 

There also were very weak relationships between the changes observed in strain and 

measures of PWV, Aix75, and central SBP (r2= 0.011, 0.057, and 0.121 respectively). 

The majority of studies that have incorporated global longitudinal strain 

measurements have involved clinical populations such as chemotherapy patients, those 

with heart failure and renal failure patients as well as in elite athletes in order to look at 

functional changes in the heart in these unique populations. No studies have assessed 

changes to global longitudinal strain in populations like the one used in this study. Future 

studies should be performed in order to assess the small functional changes to the 

myocardium that occur after exercise interventions in exercise naïve subjects in order to 

better understand any possible changes that may occur due to the onset of an exercise 

program. 



52 

CHAPTER 6 

CONCLUSION 

In conclusion the results show that 12-weeks of resistance training performed 

using high intensity or moderate intensity did not have any significant effect on measures 

of arterial stiffness including PWV, Aix75, central SBP, central DBP or any effect on 

peripheral blood pressure. In addition, no effect was seen on left ventricular global 

longitudinal strain and no relationships were observed between the changes in strain and 

the other variables assessed.   
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