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 The effects of strength training on arterial stiffness in middle-aged and older 

adults were comprehensively assessed in central and peripheral arteries using the 

ultrasound derived method, pulse wave velocity (PWV) and wave reflection techniques.  

The latter two methods, which have the most clinical utility, were quantified with an 

automatic medical device designed to reduce the subject testing time and investigator 

measurement variability.  Validation of the automatic medical device with respect to 

criterion methods, its test-retest reliability and sensitivity to detect change following 

strength training were confirmed.  After a 13 week, whole body strength training program 

performed three times per week, central arterial stiffness, as measured by the ultrasound 

derived method at the carotid artery, increased 17% (P<0.05) and was associated with a 

significant increase in relative wall thickness.  Wave reflection, as measured by carotid 
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augmentation index, and carotid-femoral PWV was not increased.  These data suggest 

that in older adults, strength training may increase age-related central arterial stiffness, 

but that the stiffening of the elastic arteries may be localized to the most proximal 

portions where buffering of cardiac pulsations is highest.  Unlike the carotid artery, the 

femoral artery adapted to the strength training stimuli with a 15% decrease (P=0.10) in 

stiffness and significant decrease in relative wall thickness.  There was a trend for 

femoral-ankle PWV to decrease as well.  This suggests that the muscular peripheral 

arteries may not be subjected to the same mechanical and/or physiological stimuli 

resulting from strength training as the carotid artery.  Despite the increase in central 

arterial stiffness with strength training, there was no increase in left ventricular 

hypertrophy, loss of left ventricular diastolic function or decrease in cardiovagal 

baroreflex sensitivity, all of which are associated with arterial stiffness.  Although the 

increase in central arterial stiffness with strength training did not affect these clinically 

relevant outcomes, it may be that a longer intervention period is needed for these changes 

to occur. 
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CHAPTER 1 
 
 
 Introduction 
 

Arterial stiffness is gaining recognition with regard to its importance in the 

development of hypertension, atherosclerosis and coronary heart disease.  Arterial 

stiffness is implicated as an independent risk marker for and consequence of these 

diseases (Arnett et al. 1994, Franklin et al. 1999, Glasser et al. 1997).  As a risk marker, 

arterial stiffness has been shown to have good prognostic value for hypertension in 

middle-aged and older men and women independent of the traditional cardiovascular risk 

factors (Boutouyrie et al. 2002).  Arterial stiffness or arterial compliance, is the property 

of an artery which relates to its ability to expand and recoil in response to cardiac 

pulsations.  Arterial stiffness, therefore, is a function of the structure of an artery, its 

smooth muscle tone and endothelial function. 

Arteries stiffen with advancing age, independent of atherosclerosis, but not all 

segments of the arterial tree demonstrate this phenomenon equally.  The central, most 

elastic arteries, undergo arterial stiffening to a much greater degree than the muscular, 

arteries (Bortolotto et al. 1999, Boutouyrie et al. 1992, Tanaka et al. 1998a).  In fact, it is 

central arterial stiffness that has the greatest impact on risk for coronary heart disease 

(CHD).  Central arterial stiffness, as measured by aortic-femoral pulse wave velocity 

(PWV) and carotid augmentation index (AI) has been linked to hypertension, left 

ventricular heart failure, decreased baroreceptor sensitivity and cardiac electrical 

instability following acute myocardial infarction.  The magnitude of the age-related 

increase in central arterial stiffness; however, does appear to be modifiable.   
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In cross-sectional studies, endurance-trained middle-aged and older individuals 

have been shown to have lower measures of central arterial stiffness than their sedentary 

peers (Tanaka et al. 2000, Vaitkevicius et al. 1993).  The attenuated age-related increase 

in arterial stiffness in physically active older adults is seen in both men and women and 

appears to occur with a relatively short (~13 weeks), moderate-intensity, aerobic exercise 

program (Moreau et al. 2003, Tanaka et al. 1998a, Tanaka et al. 2000).   The decrease in 

arterial stiffness occurs despite the lack of improvement in maximal oxygen consumption 

or favorable changes in body composition and metabolic risk factors for atherosclerosis 

(Tanaka, 1998; Tanaka, 2000).  Although arterial stiffness in older men can be decreased 

with exercise training, it remains higher than that of young, sedentary men, suggesting 

that the stiffening of arteries with age is a consequence of primary aging.   

Evidence from cross-sectional studies suggests that the effect of strength training 

on arterial compliance is not as favorable as that of aerobic exercise (Bertovic et al. 1999, 

Miyachi et al. 2003).  Indeed, young men who had been resistance training for at least 

one year had significantly greater regional aortic stiffness and peripheral arterial stiffness 

in the legs when compared with age-matched, sedentary controls (Bertovic et al. 1999).  

These findings were extended to middle-aged strength trained men who exhibited greater 

carotid arterial stiffness than age-matched, sedentary controls (Miyachi et al. 2003).    

Because this study included a young, sedentary control group, they were also able to 

demonstrate a greater age-related increase in central arterial stiffness in the middle-aged 

strength trained men than in their sedentary counterparts (Miyachi et al. 2003).  No 

increase in peripheral arterial stiffness was evident in the young or middle-aged strength 



3 

trained men.  In a follow up to this study, young men were randomized into a three day 

per week resistance training program for four months and detrained for a subsequent four 

months.  Carotid arterial compliance decreased 19% following strength training and 

returned to baseline at the end of the detraining period.  

Thus, unlike aerobic exercise, regular strength training appears to accentuate 

central arterial stiffness in young men.  However, a clinically more important question is 

whether strength training would have the same effect on individuals with low arterial 

compliance (older-age) and higher risk for cardiovascular disease.  If high intensity 

strength training does in fact exacerbate the age-related increase in arterial stiffness, then 

current guidelines recommending this form of exercise to combat frailty in older 

populations may need to be reconsidered.
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CHAPTER 2 

 

Statement of the Problem and Experimental Design 

In order to thoroughly address the effects of strength training on arterial 

compliance in middle-aged and older adults, we felt it was necessary to measure central 

and peripheral arterial compliance using indirect measures in addition to the direct 

measures.  Much of the population-based evidence linking the negative consequences of 

arterial stiffness with cardiovascular disease is based on indirect measures of central 

arterial stiffness and its inclusion in a study of arterial compliance provides additional 

clinical relevance.  Therefore, in the first study we evaluated the validity and reliability of 

an automatic device to measure carotid AI and carotid-femoral PWV, two well 

established measures of central arterial stiffness, in men and women with a wide range of 

ages.  We reasoned that if valid and reliable, this automatic device would allow us to 

evaluate arterial stiffness in subsequent studies without adding considerably more testing 

time and subject burden.   

The results of the first study indicated that the automatic method was indeed valid 

and reliable; therefore, the aim of the next study was to determine if the indirect measures 

of arterial stiffness would be sensitive enough to detect a change following a strength 

training intervention.  To address this question, we measured carotid AI, carotid-femoral 

PWV and femoral-ankle PWV in young women before and after a high intensity, high 

volume strength training program.  We chose to study women because the effect of 

strength training on central arterial stiffness had not been determined in this population.   
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The study design used a maximal training stimulus and young subjects with low levels of 

arterial stiffness to increase the likelihood of finding an effect on the indirect measures of 

arterial stiffness.   Although  carotid AI and carotid-femoral PWV significantly increased 

following strength training, the effect sizes for these measures were moderate and their 

stability over time was lower than expected.  Therefore, in the main study addressing the 

effects of strength training on arterial structure and function in middle-aged and older 

adults, measurements of cardiac structure and diastolic function and baroreceptor 

sensitivity, in addition to indirect measures of arterial stiffness, were used to determine 

clinical relevance. 
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CHAPTER 3 

 
 
Validation of a Device for Automatic Measurements of Arterial Stiffness and Ankle-

Brachial Index 

 

 
Introduction 
 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in 

the United States and world wide (Association 2003).  It has become well recognized that 

very high percentage of cardiovascular events, including sudden cardiac death and 

nonfatal myocardial infarction, occur without any prior symptoms.  Consequently, 

screening for clinically silent CVD progression and subsequent identification of 

appropriate candidate for aggressive primary prevention are critically important as 

recently emphasized by the American Heart Association Prevention V Conference: 

Identifying the High Risk Patients for Primary Prevention" (Greenland et al. 2001).  A 

primary recommendation made at the Conference was that the risk assessment should 

begin in the physician's office, where all adults should undergo an office-based risk 

assessment as the initial step in predicting cardiovascular disease risks (Greenland et al. 

2001).    

Two of the emerging risk factors that have not been included in the standard 

office-based tools but have great promise as means to improve office-based risk 

assessment are arterial stiffness and ankle-brachial index (Dormandy et al. 1999, Safar 

2000).  Increases in the stiffness of central arteries exert a number of adverse effects on 
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systemic cardiovascular function and disease risks.  In particular, arterial stiffness is the 

principal cause of increasing systolic and pulse pressure with advancing age (O'Rourke 

2002).  As such, it has been identified as an independent risk factor for future 

cardiovascular disease (Hodes et al. 1995).  Ankle-brachial index is a reliable sign of 

peripheral artery disease, and asymptomatic adults with low ABI have been found to have 

markedly increased coronary heart disease and total-cardiovascular diseases risks (Hirsch 

and L 2001).  Despite the well-established clinical significance, presently these tests are 

not yet available outside of vascular laboratories.  Recently, a new clinical testing device 

(Colin VP-2000) was developed to simultaneously measure arterial stiffness, ankle-

brachial index, and brachial blood pressure.  The technique is noninvasive, automatic and 

requires minimal technical skill and time thus fulfilling many of the requirements 

necessary for incorporation into a risk assessment in the physician's office.  However, 

before doing so, the validity and reliability of the automatic measurement need to be 

established.      

Accordingly, the primary aim of the present study was to evaluate the accuracy 

and the variability of an automatic device for measurement of arterial stiffness (i.e., pulse 

wave velocity and carotid augmentation index) and ankle-brachial index.  To accomplish 

this aim, we compared arterial stiffness and ankle blood pressure values obtained with a 

Colin VP-2000 device with those measured with the manual methods. 
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Methods 

Subjects 

To determine the validity of the automatic device, we studied a total of 52 

normotensive and hypertensive men and women (Table 1).  A subgroup of 15 subjects 

were tested twice to examine the reliability of the measurements.  Subjects who had 

apparent cardiovascular disease were excluded from this study.  All subjects gave their 

written informed consent to participate.  All procedures were reviewed and approved by 

the Human Research Committee. 

Measurements 

 Prior to testing, subjects abstained from caffeine and fasted for at least 3 hours.  

Each subject rested supine at least 15 minutes in a quiet, temperature-controlled room.  

The order of the measurements was randomized.   

Criterion Methods 

The pressure waveform and amplitude were obtained from the common carotid 

artery with a pencil-type probe incorporating a high-fidelity strain gauge transducer 

(Millar Instruments) as previously described (Tanaka et al. 1998b).  The carotid 

augmentation index, a measure of arterial stiffness and arterial wave reflection, was 

calculated as the ratio of amplitude of the pressure wave above its systolic shoulder to the 

total pulse pressure as previously described (Kelly R 1989).  The mean coefficient of 

variation for the day-to-day measurements of carotid augmentation index is 7% as 

previously reported (Feinstein et al. 2002, Tanaka et al. 1998b). 
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Two identical transcutaneous Doppler flowmeters (Parks Medical) were used to 

obtain the velocity of pulse waves between the carotid and the femoral artery (central 

PWV) as previously described (Tanaka et al. 1998b).  Pulse wave velocity was calculated 

from distance (carotid to femoral artery) divided by transit time.  Transit time was 

determined from the time delay between the proximal and distal "foot" waveforms.  The 

foot of the wave was identified as the commencement of the sharp systolic upstroke.  

Distance traveled by the pulse wave was assessed in duplicate with a random zero length 

measurement over the surface of the body with a non-elastic tape measure (Tanaka et al. 

1998b).  The coefficient of variation for the aortic pulse wave velocity measurements is 

8% (Tanaka et al. 1998a).   

To measure ankle blood pressure, standard blood pressure cuffs were placed 

around the ankle and the arterial flow signal was monitored in the posterior tibial artery 

using a hand-held Doppler flowmeter (Parks Medical) and a mercury 

sphygmomanometer (Mozersky et al. 1975).  The coefficient of variation for the ankle 

blood pressure is 2%.    

Automatic Device Methods   

The automatic device examined in the present study was a Colin VP-2000 (Colin 

Medical Instruments, San Antonio, Texas).  The automatic device simultaneously 

measured ECG, phonocardiogram, bilateral brachial and ankle blood pressures, and 

carotid and femoral arterial pulse waves.  ECG electrodes were placed on both wrists, and 

a microphone for the phonocardiogram was attached on the left chest.  The ECG and 

phonocardiogram were used to provide timing markers for the device.  Arterial blood 
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pressures on four limbs were measured with the modified oscillometric pressure sensor 

method.   Carotid and femoral arterial pulse waves were obtained using arterial 

applanation tonometry incorporating an array of 15 micro-piezoresistive transducers.  

Advanced multiplexing electronics combined with automatic sensor selection relative to 

the target artery facilitated and ensured optimal placement of the sensor.   The femoral 

tonometry sensor was placed on the common femoral artery and was secured in place by 

a Velcro strap.  The carotid sensor was manually placed on the common carotid artery.  

The device is also capable of measuring peripheral pulse wave velocity of the upper and 

lower limbs (data not presented).       

Statistical Analysis  

Statistical analysis was performed using Microsoft Excel 2001 and SPSS version 

10.0 software programs.  The statistical procedure originally proposed by Bland and 

Altman was used to compare two different methodologies (Bland and Altman 1986).  

First, the univariate correlation and regression analyses between measured values were 

conducted.  This initial step served as the assessment of the degree of agreement between 

the two methodologies.  Second, the relative differences within each pair of measures 

were plotted against the mean of the pair.  In this step, an agreement between the two 

methodologies was estimated by plotting the mean difference and the standard deviation 

of the difference (Bland and Altman 1986).  To determine the reliability of the new 

technique, first, mean values obtained for trial 1 and 2 were compared using one-way 

ANOVA.  Then, Pearson correlation coefficients and coefficients of variation were 

calculated.   
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Results 

Mean carotid augmentation index values obtained with the manual and automatic 

methods were 12±21 and 12±22%, respectively.  As illustrated in Figure 1A, these two 

methodologies demonstrated a strong linear association with a Pearson correlation 

coefficient of 0.98 (P<0.0001).  The results of Bland-Altman plot showed a mean 

difference of 0.2% with a standard deviation of 4.6 (Figure 1B).  

Average carotid-femoral pulse wave velocity values were not different between 

the manual (947±317 cm/sec) and the automatic (977±318 cm/sec) methods (P=0.34).  

As evidenced by the highly significant correlation coefficient (r=0.97, P<0.0001; Figure 

2A), there was an excellent agreement between the two methodologies.  This was 

consistent with the results of Bland-Altman plot (Figure 2B) showing the mean difference 

of 34 cm/sec with a standard deviation of 68.  

 Ankle systolic blood pressure measured with the automatic device (via 

oscillometric pressure sensor) (142±23 mmHg) was highly correlated with those obtained 

with the conventional method using the Doppler flowmeter (145±21 mmHg) (Figure 3).  

The correlation coefficient was 0.95 with a mean difference of 2.2±6.8 mmHg.      

 Reliability data for the automatic device are shown in Table 2.  Each variable 

examined in the present study demonstrated excellent reliability as evidenced by high 

correlation coefficients between the two trials and by small coefficients of variation.    

Discussion 

 In the present study, the validity and reliability of the automatic device for the 

measurements of arterial stiffness and ankle-brachial index were examined by comparing 
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with the manual methods.  The highly significant and strong correlation coefficients as 

well as the small mean differences observed in the Bland-Altman plots reflect a good 

agreement between the two methodologies.  Additionally, high correlation coefficients as 

well as small coefficients of variation demonstrate good reliability of the measurements.  

These results demonstrate that the automatic noninvasive device, which is accurate and 

requires minimal technical skill and time, has great potential as a screening and diagnosis 

device for assessments of subclinical vascular pathology. 

 One of the 2 primary functions that is assessed by the device is arterial stiffness, 

an emerging risk factor for cardiovascular disease.  There has been considerable interest 

in the measurement of this arterial wall function.  However, the progress in this field has 

been hindered mainly by a lack of consensus as to which technique should be used to 

measure arterial stiffness (O'Rourke et al. 2002).  The device described in the present 

study uses both pulse wave velocity and carotid augmentation index.  Although these 

methodologies are considered to be indirect measures of arterial stiffness, a recent 

consensus identified pulse wave velocity to be the best available technique to assess 

arterial stiffness (O'Rourke et al. 2002).  Moreover, to be considered a surrogate marker 

of cardiovascular disease, a test must have the ability to predict risk of cardiovascular 

disease (Feinstein et al. 2002).  In this context, pulse wave velocity and carotid 

augmentation index are the only measures of arterial stiffness that have been directly 

linked with cardiovascular disease mortality (Benetos et al. 2002, Blacher et al. 2001, 

Blacher et al. 1999, Boutouyrie et al. 2002). 
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 If the device described is to be widely adapted, the measurements must also be 

reproducible.  In the present study, the reliability of each measurement was assessed by 3 

different statistical procedures.  First, we found that mean values obtained with 2 

measurements were not different.  Second, the correlation coefficients between trials 1 

and 2 were consistently high across all the variables examined in the present study.  

Third, the coefficient of variation of each measurement was relatively small.  

Collectively, these results demonstrate good reliability of arterial stiffness and ankle 

blood pressure made by this device.     

 These results suggest that the automatic noninvasive device, which is accurate and 

requires minimal technical skill and time, has good potential as a screening device for 

assessments of subclinical vascular pathology.  The device has recently been approved by 

the Food & Drug Administration for marketing and sales.  This technology may serve as 

an important tool for the assessment of cardiovascular disease risks in the primary care 

setting. 

 

 

 

 

Portions of this chapter have been previously published in Cortez-Cooper MY, Supak JA, 

and Tanaka H.  A new device for automatic measurements of arterial stiffness and ankle-

brachial index. Am J Cardiol 91:1519-1522, 2003. 
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Table 3.1  Subject Characteristics (n=52) 
 
 
 
Variable 

 
 

Mean±SD 

 

Range 
 
Age (years) 

 
46±15 

 
20-77 

 
Height (cm) 

 
171±10 

 
152-193 

 
Body Mass (kg) 

 
78.6±19.0 

 
50-151 

 
Body Mass Index (kg/m2) 

 
26.7±5.6 

 
20.8-46.1 

 
Systolic Blood Pressure (mmHg) 

 
131±18 

 
102-179 

 
Diastolic Blood Pressure (mmHg) 

 
78±11 

 
56-109 

 
Mean Blood Pressure (mmHg) 

 
99±15 

 
75-139 

 
Heart Rate at Rest (bpm) 

 
61±9 

 
40-85 

 

Table 3.2   Measures of Reliability for Ankle blood pressure, carotid-femoral pulse wave 
velocity, and carotid augmentation index. 
 
 
Variable 

Mean 1  
(n =15) 

Mean 2 
(n = 15) 

Pearson 
 Correlation 

Coefficient of 
Variation 

 
Ankle blood pressure 
(mmHg) 

 
 138±4 

 
 139±4 

 
0.93 

 
2.8% 

 
Carotid-femoral pulse 
wave velocity (cm/s) 

 
1161±122 

 
1085±84 

 
0.94 

 
6.7% 

 
Carotid augmentation 
index (%) 

 
   15±6 

 
   14±7 

 
0.97 

 
13% 

Values are expressed as means±SE.  
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Figure 3.1  Relation between carotid augmentation index (AI) obtained with the manual 
method and the automatic device.  The upper panel shows the univariate regression 
analysis and the lower panel displays the Bland-Altman plot with the mean 
difference±2SD.   
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Figure 3.2  Relation between carotid-femoral pulse wave velocity (PWV) obtained with 
the manual method and the automatic device.  The upper panel shows the univariate 
regression analysis and the lower panel displays the Bland-Altman plot with the mean 
difference±2SD. 
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Figure 3.3  Relation between ankle systolic blood pressure (SBP) obtained with the 
manual method (via Doppler flowmeter) and the automatic device (via oscillometric 
sensor).  The upper panel shows the univariate regression analysis and the lower panel 
displays the Bland-Altman plot with the mean difference±2SD. 
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CHAPTER 4 

 
 
The Effects of Resistance Training on Arterial Stiffness and Wave Reflection in 

Women 

 

Introduction 

 Cardiovascular disease is the number one cause of mortality in women, and 

coronary heart disease is the predominant cardiovascular event comprising more than half 

of the events in women (Association 2003).  According to the Framingham Heart Study, 

63% of women, who died suddenly of coronary heart disease, had no previous symptoms 

of this disease.  Therefore, there is mounting interest in finding new risk factors to better 

predict the presence of occult coronary heart disease.  Emerging evidence indicates 

elevated arterial stiffness may play a role in the pathogenesis of coronary heart disease 

and serve as an early marker for the detection of asymptomatic atherosclerotic lesions 

(Safar 2000). 

 It is widely accepted that regular participation in physical activity confers 

protective effects against coronary heart disease (Blair et al. 1989).  However, the type of 

the physical activity that has been examined in these epidemiological studies is generally 

confined to aerobic exercises, and it is not clear whether strength training exerts similar 

cardioprotective effects.  The benefits of strength training, including increased bone and 

muscle mass and increased strength of connective tissue, are being increasingly 

recognized (Pollock et al. 2000).  Strength training could become an even more essential 
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component of overall exercise and fitness programs if it was shown to have positive 

effects on the cardiovascular system as well.  However, in marked contrast to regular 

aerobic exercise, we (Miyachi et al. 2003) and others (Bertovic et al. 1999) have 

previously reported that strength training is associated with greater, rather than smaller, 

arterial stiffness in young and middle-aged men.  Because these two previous studies rely 

on the cross-sectional comparison between weight-trained men and sedentary peers, it is 

not clear if the increased arterial stiffness observed in men is a direct result of regular 

strength training.  Furthermore, there are no data addressing this issue in women.  

Because of the well-known sex-related differences in cardiovascular adaptations to 

regular exercise (Spina 1999), the results obtained in men cannot necessarily be 

extrapolated to women.   

 Accordingly, the purpose of the present study was to determine whether a high-

intensity, progressive strength training program increases arterial stiffness in women.                 

Methods 

Subjects 

Twenty-three young healthy women (29±1 years, 165±1 cm) were studied for the 

present study.  Additional 10 age-matched (27±2 years, 166±2 cm), non-strength training 

women (but performing regular aerobic exercise) served as time controls.  All subjects 

were normotensive (<140/90 mmHg), nonobese (BMI <30 kg/m2), and free of overt 

chronic diseases as assessed by medical history. Candidates who smoked in the past 2 

years, were taking medications or anabolic steroids, or had significant intima-media 

thickening, plaque formation, and/or other characteristics of atherosclerosis (e.g., ABI 
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<0.9) were excluded.  All subjects gave their written informed consent to participate, and 

all procedures were approved by the Institutional Review Board.   

Measurements 

In order to avoid potential diurnal variations, subjects were tested at a same time 

of day throughout the study period.  All the women were studied in the same phase of 

their menstrual cycle before and after the intervention.  Prior to each testing session, 

subjects abstained from caffeine and fasted for at least 4 hours.  Subjects in the 

intervention group were studied 20 to 24 hours after their last exercise training session to 

avoid the acute effects of exercise, but they were still considered to be in their normal 

(i.e., habitually exercising) physiological state.   

Arterial Stiffness 

Measures of arterial stiffness (pulse wave velocity), wave reflection (carotid 

augmentation index), and blood pressure were obtained using a recently-validated Colin 

VP-2000 (Colin Medical Instruments, San Antonio, Texas) (Cortez-Cooper et al. 2003).  

The automatic device simultaneously measured ECG, phonocardiogram, bilateral 

brachial and ankle blood pressures, and carotid and femoral arterial pulse waves.  Arterial 

blood pressures on four limbs were measured with the modified oscillometric pressure 

sensor method.   Carotid and femoral arterial pulse waves were obtained using arterial 

applanation tonometry incorporating an array of 15 micro-piezoresistive transducers. 

Pulse wave velocity, a measure of the speed at which the pressure wave travels, was 

determined by measuring the time delay between the ‘foot’ (that is, the start of the sharp 

systolic upstroke) and distance between two locations.  The carotid pressure waveforms 
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were used to obtain carotid augmentation index (AI), which has been proposed as an 

indicator of the magnitude of wave reflections and arterial stiffness (Kelly R 1989).   

Blood Viscosity, Plasma Lipid, Lipoproteins, Glucose and C-Reactive Protein 

A blood sample was drawn from an antecubital vein for the measurements of 

blood viscosity, plasma lipids, lipoproteins and glucose (Vitros DT60 II, Johnson and 

Johnson, Rochester, NY), and C-reactive protein (ALPCO diagnostics, Windham, NH).  

Blood viscosity was measured at 37° C using a cone and plate viscometer (DV-I+, 

Brookfield Engineering, Stoughton, MA).   

Body Composition 

Body composition was measured using the dual energy x-ray absorptiometry 

(DEXA) method (Lunar DPX, GE Medical Systems, Fairfield, CN).   

Maximum Strength 

Maximal muscular strength in the intervention group was tested before and after 

resistance training with the bench press and squat.  After the warm-up, one-repetition 

maximal (1RM) strength was obtained according to the established guidelines (ACSM 

2000). Due to the potential risks involved in 1RM strength testing and body composition 

measures (x-ray exposure during the DEXA scan), these tests were not performed in the 

control group.   

Strength Training Intervention 

Subjects in the intervention group underwent 4 supervised strength-training 

sessions/week for 11 weeks using a light-day/heavy-day periodized approach.  In the first 

4 weeks, subjects performed 3 sets of 10-repetition exercises to concentric failure.  In the 
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subsequent 4 weeks, 3 sets of 5-repetition exercises were performed. In the last 3 weeks 

of the intervention, timed super sets - an upper body exercise paired with a lower body 

exercise - were incorporated using 6 sets of 5 repetitions during which the weights 

increased for 4 sets then decreased for 2 sets. During the entire study resistance was 

increased for the following exercise sessions when subjects were able to complete correct 

repetitions on the final set on the heavy days.  Subjects in the control group were 

instructed not to alter their normal activity levels throughout the study period. 

Statistical Analysis 

Changes in the dependent variables were assessed by ANOVA with repeated-

measures.  All data were reported as mean±SEM.  Statistical significance was set a priori 

at P<0.05 for all comparisons.   

Results 

 The subjects in the intervention group completed ~80% of the scheduled training 

sessions.  As shown in Table 1, brachial and ankle blood pressure and plasma 

concentrations of lipids, lipoproteins, and glucose did not change significantly either 

group.  There were no significant changes in blood viscosity or plasma C-reactive 

protein.   

 Body mass did not change with the strength training intervention (Table 2).  There 

were small but significant increases in lean body mass and limb muscle mass, and a 

corresponding reduction (P<0.05) in percent body fat.  Muscle strength obtained with the 

bench press and squat increased 13 and 20% (both P<0.05), respectively.  There was no 

change in body weight or muscle strength in the control group.  
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 As depicted in Figure 1, carotid augmentation index increased (P<0.05) in the 

intervention group.  No such change was observed in the control group.  Carotid-femoral 

pulse wave velocity increased significantly in both groups (Table 3).  Peripheral 

measures of pulse wave velocity (femoral-ankle) did not change significantly in either 

group.  

Discussion 

The major finding of the present investigation is that a short-term high-intensity 

progressive weight training program increases carotid augmentation index and aortic 

pulse wave velocity in young healthy women.  To the best of our knowledge, this is the 

first study to determine the effects of resistance training intervention on arterial stiffness 

in women.  The present intervention study is consistent with the previous cross-sectional 

studies in young men in which high-intensity weight training is associated with arterial 

stiffening.  

 Aortic pulse wave velocity and augmentation index are probably two of the most 

extensively used measures of arterial stiffness. Although these methodologies are 

considered to be indirect measures of arterial stiffness, a recent consensus identified pulse 

wave velocity to be the best available technique for assessing arterial stiffness (O'Rourke 

et al. 2002).  In the present study, weight training increased aortic pulse wave velocity as 

well as augmentation index whereas femoral-ankle pulse wave velocity did not change.  

This indicates that the effect of weight training appears to be manifested preferentially in 

the central, more elastic arteries and that peripheral, more muscular arteries may be 

affected to a lesser extent by the intervention. 
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 The present findings should not discourage the general public from participating 

in regular resistance training.  As evidenced by the increases in 1RM strength, the 

workout performed by subjects was rather intense and deviates from the weight training 

programs that are typically prescribed to the public (Pollock et al. 2000).  In the present 

study, in order to maximize the stimuli of resistance training and the resultant adaptation 

in the cardiovascular system, we intentionally used a high intensity resistance training 

program.  Additionally, subjects used in the present study were young healthy women 

with smaller baseline levels of arterial stiffness.  A more clinically important and 

unanswered question is whether a similar effect of resistance training may be observed in 

older subjects with greater baseline arterial stiffness values.  Further studies are 

warranted in this issue.     

 In addition to the primary dependent variable of arterial stiffness, we determined 

the effects of resistance training on such emerging risk factors as CRP (Pepys and 

Hirschfield 2003) and blood viscosity (Koenig et al. 1998), which could exert potential 

impacts on arterial stiffness.  We are not aware of any previous studies that have 

determined the changes in these risk factors with resistance training.  Three months of 

resistance training had no effects on these variables or more traditional risk factors, 

including fasting plasma glucose, cholesterol, and brachial blood pressure.  These results 

suggest that changes in arterial stiffness and wave reflection may not be mediated by 

these risk factors and that the effect of resistance training on arterial stiffness may be 

independent of the changes in these risk factors.     
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 We can only speculate on the mechanisms involved in the change in arterial 

stiffness and wave reflection with strength training.  The elastic properties of the arterial 

wall are determined by both structural components (eg, relative composition of elastin 

and collagen) and functional components (eg, vasoconstrictor tone exerted by the 

vascular smooth muscle cells).  Given that structural changes in the arterial wall would 

take considerably longer than 11 weeks, it is likely that changes in the arterial elastic 

properties observed in the present study were mediated by mechanisms that modulate 

smooth muscle cell tone.  In this context, potential mechanisms include greater 

sympathetic nerve activity, decreased nitric oxide bioavailability, greater local 

endothelin-1, and increased concentrations of vasoconstrictor hormones (eg, angiotensin 

II) (Ebenbichler et al. 2001, Pratley et al. 1994).  Another possibility is that reductions in 

heart rate at rest observed in the intervention group may have acted to increase AI as 

there is an inverse relation between heart rate and AI (Wilkinson et al. 2000).  However, 

heart rate decreased an average of 4 beats/min, which is less than a 7% reduction; 

therefore, it is unlikely that this would completely explain the increase in AI with 

strength training.  Future studies are warranted to investigate the mechanisms underlying 

the arterial stiffening effects of chronic resistance training.   

 An unexpected finding of the present study was an increase in carotid-femoral 

PWV in the control group.  We do not believe that this is due to measurement error or 

artifact as we have established good reliability of our arterial stiffness measurements 

using this particular automatic device (Cortez-Cooper et al. 2003) and the coefficients of 

variation were small in the present study.  As lifestyle activities of the control group were 
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not changed, we can only attribute the causes of the changes to spontaneous factors (e.g. 

seasonal changes). 

 In summary, the present study demonstrated that weight training induces 

increases in arterial stiffness and wave reflection in young healthy women.  This finding 

is in contrast to previous aerobic exercise training studies demonstrating beneficial 

effects on arterial stiffness.  Considering the recent guidelines that resistance training be 

incorporated into preventive and rehabilitative programs of overall physical activity, the 

present findings may have an important implication for exercise prescription. 

 
 
 
 
 
Portions of this chapter have been published in Cortez-Cooper MY, DeVan AE, Anton 

MM, Farrar RP, Beckwith KA, Todd JS, and Tanaka H. Effects of High Intensity 

Resistance Training on Arterial Stiffness and Wave Reflection in Women. Am J 

Hypertens. 18: 930-934, 2005.
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Table 4.2  Changes in body composition and muscular strength with the strength training 

intervention. 

              

    Before training   After training    

Body mass (kg)     71±3        71±3 

Body fat (%)   30.5±2.3    28.7±2.2* 

Lean body mass (kg)  44.8±1.0    45.9±1.0* 

Limb muscle mass (kg) 19.7±0.5    20.4±0.5* 

--------------------------------------------------------------------------------------------------------------------- 

Bench press 1RM (kg) 49.1±2.8    55.4±2.4* 

Squat 1RM (kg)  74.1±3.8    89.0±3.3* 

              

Data are mean±SEM  *P<0.05 from Before training  1RM=one repetition maximal strength 
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Figure 4.1  Changes in carotid augmentation index in the control and intervention 

groups.  Values are means±SE.  Baseline carotid augmentation values are shown in the 

bar.  *P<0.05.   



 

31 

CHAPTER 5 

 

The Effects of Strength Training on Arterial Structure and Function in Middle-

Aged and Older Adults 

 

Introduction 

Arteries lose their compliance (become stiffer) with advancing age, independent 

of atherosclerosis, hypertension and other disease states (Avolio et al. 1985).   However, 

not all segments of the arterial tree demonstrate this phenomenon equally.  The central 

elastic arteries, undergo arterial stiffening to a much greater degree than the muscular, 

peripheral arteries (Bortolotto et al. 1999, Boutouyrie et al. 1992, Tanaka et al. 1998a).  

The age-related reduction in central arterial compliance is associated with an increased 

risk for coronary heart disease (Alan et al. 2003, Bots et al. 2002, Boutouyrie et al. 2002), 

hypertension (Arnett et al. 2001, Berry et al. 2004, Liao et al. 1999), left ventricular 

hypertrophy and diastolic dysfunction (Arbab-Zadeh et al. 2004, Nichols et al. 1985, 

Saba et al. 1993), and decreased baroreceptor sensitivity (Monahan et al. 2001, Monahan 

et al. 2000).  Fortunately, it is well established that the reduction in central arterial 

compliance seen in older adults can be partially reversed by moderate aerobic exercise 

(Moreau et al. 2003, Tanaka et al. 2000).  In young adults, however, the effect of 

endurance training is not consistently associated with an improvement in central arterial 

compliance (Tanaka et al. 2000, Wijnen et al. 1993, Wijnen et al. 1991); presumably 

because arterial compliance is already high.  
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 Conversely, current evidence suggests that strength training is associated with 

reduced central arterial compliance in young (Bertovic et al. 1999, Miyachi et al. 2003, 

Miyachi et al. 2004) and middle-aged men (Miyachi et al, 2003).  Because the latter 

investigation used a cross-sectional study design, it is not clear how much of the 

reduction in arterial compliance seen in the strength trained middle-aged men can be 

attributed to the independent effect of strength training.   

Whether or not strength training would have the same effect on individuals with 

low arterial compliance (older-age) and at higher risk for cardiovascular disease is a 

clinically relevant question given the negative consequences of reduced arterial 

compliance.  If chronic strength training does in fact exacerbate the age-related increase 

in arterial stiffness, then current guidelines recommending this form of exercise to 

combat frailty in older populations may need to be reconsidered.   

With this information as background, there were three primary aims of this study.  

The first was to determine the effect of a 13 week, strength training program, as 

recommended by the American College of Sports Medicine (ACSM)(ACSM 2000), on 

selected measures of central and peripheral arterial compliance in older adults.  Because 

we hypothesized that strength training would decrease carotid artery compliance, our 

second aim was to determine what physiological mechanisms might explain the reduction 

in central arterial compliance.  Arterial compliance is modulated by both structural and 

functional components; therefore, we measured carotid artery intima-media thickness and 

endothelium-dependent vasodilatation as well as select hormones known to affect basal 
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vasoconstrictor tone in order to account for the major factors influencing arterial 

compliance.    

The third aim of this study was to determine if there were functional 

consequences related to a strength training-induced reduction in central arterial 

compliance. There are many known benefits to strength training for older adults; namely, 

a decrease in sarcopenia, attenuation of the loss of bone mineral density, reduced frailty 

and improved glucose tolerance.  If strength training decreases arterial compliance but 

does not negatively impact arterial blood pressure, cardiac structure or function or 

cardiovagal baroreceptor sensitivity, then the benefits of strength training may exceed the 

“cost”. 

Methods 

Subjects 

Nineteen healthy men, 40-80 years of age and 30 post-menopausal women not 

receiving hormone replacement therapy were recruited to participate in the study.  They 

reported no use of cardiovascular acting drugs or anabolic steroids, were non-smokers, 

normotensive, non-dyslipidemic, non-diabetic and sedentary (participating in < 20 

minutes of physical activity two times per week).  After obtaining informed consent, all 

subjects were screened for cardiovascular disease by 1) a medical history questionnaire, 

2) determination of fasting plasma lipid/lipoprotein profile and plasma glucose before 

and after a 75 g oral glucose load, 3) seated brachial blood pressure measurements 

performed in triplicate, 4) resting 12-lead electrocardiogram and 5) diagnostic graded 

exercise test using a modified Balke protocol.  A physical exam by a physician and 
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supervision of the treadmill stress test was performed when subjects were at “moderate-

risk” for cardiovascular disease based on age.  Subjects were excluded from the study if 

fasting plasma glucose concentrations were >7.0 mmol/l and >11.1 mmol/l at 120 min 

after an oral glucose load or if dyslipidemia was present (based on the National 

Cholesterol Education Program Guidelines of plasma total cholesterol >240mg/dl, 

LDLcholesterol >160 mg/dl) or if blood pressure was >140/90 or exercise tolerance was 

impaired due to orthopedic, cardiac or pulmonary reasons during the stress test.  Of the 

49 volunteers, 7 men and 13 women qualified to participate in the study.  Subjects were 

randomized into either the stretching control group (n = 10) or strength training group    

(n =10).  At the end of the stretching program, subjects were offered the chance to 

crossover into the strength training group.  Seven of the 10 subjects elected to do so.  

This study was approved by the Human Research Committee at The University of Texas 

at Austin. 

Measurements 

All groups were studied before and after their respective intervention.  Subjects 

crossing over into the strength training group were measured a third time, after 

completing the 13 weeks of strength training.  To avoid potential diurnal variations, 

subjects were tested at the same time of the day throughout the study.  Subjects were 

overnight fasted for all testing sessions except for maximal oxygen consumption 

(VO2max) testing and one repetition maximum (1 RM) strength testing.  To minimize the 

effect of diet on arterial compliance and endothelial function, subjects kept a three day 

diet record prior to testing and repeated the diets at follow up testing.  Cardiovascular 
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testing was conducted with the subject in the supine position in a quiet, dimly lit, 

temperature controlled room.  All post-testing occurred 24 to 48 hours after the last 

strength or stretching session.   

Maximal Oxygen Consumption 

To verify the subject’s sedentary status and document any changes in maximal 

aerobic capacity as a result of the study interventions, VO2max was determined during a 

modified Balke incremental treadmill exercise protocol.  Briefly, subjects walked at a 

brisk but comfortable walking speed which remained constant and grade increased 2% 

every two minutes.  Exercise continued until subject exhaustion.  VO2max was determined 

via indirect calorimetry (Max-1, Physio-dyne Instrument Corp., Quogue, NY).  Oxygen 

consumption, heart rate and respiratory exchange ratio were recorded every 30 seconds 

and rating of perceived exertion was recorded prior to the end of each stage. 

Body Composition 

Total fat mass, fat-free mass and percent body fat were determined using the dual-

energy x-ray absorptiometry (DEXA) method (Lunar DPX, GE Medical Systems, 

Fairfield, CN) with subjects in the supine position. 

Maximum Strength  

Maximal voluntary dynamic strength for all of the upper and lower extremity 

exercises was determined using the one-repetition maximum (1-RM) strength test.  

Testing was done on selectorize equipment (Cybex International, Owatonna, MN) 

according to ACSM guidelines (ACSM, 2000).  Prior to the maximum strength test, each 

subject was familiarized with the equipment over 3-5 strength training sessions. 
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Metabolic Risk Factors for Coronary Heart Disease 

Oral Glucose Tolerance Test (OGTT).  Subjects reported to the laboratory after a 

12-hour overnight fast to have blood drawn before and 120 minutes after ingesting a 20% 

glucose solution containing 75 g of glucose.  An aliquot of whole blood from the fasting 

blood sample was used to determine glycated hemoglobin (HbA1c) concentration 

measured on a Micromat II HbA1c (Bio-Rad, Hercules, CA).   

Plasma Lipid, Lipoprotein and Glucose Concentrations.  Total cholesterol, LDL-

cholesterol, triglycerides, HDL-cholesterol, and glucose were determined by enzymatic 

methods with a semi-automated chemistry system (Vitros DT60 II, Johnson and Johnson, 

Rochester, NY). 

Basal Plasma Concentrations of Vasoactive Hormones and C-Reactive Protein (CRP)   

Concentrations of norepinephrine (Labor Diagnostika Nord, Nordhorn, Germany),  

endothelin-1 (Quantiglo Human ET-1, R&D systems, Minneapolis, MN), insulin (DSL, 

Inc., Webster, TX) and C-reactive protein (ALPCO diagnostics, Windham, NH) were 

measured by commercially available enzyme-linked immunoassay kits.  Angiotensin II 

concentrations were determined by a double antibody I125 radio-immunosassay kit after a 

solid phase phenylsilylsilica column extraction (ALPCO Diagnostics, Windham, NH).  

All hormones and CRP were assayed in duplicate.  To eliminate inter-assay variance, all 

pre and post samples were analyzed within the same assay kit.   

Whole Blood Viscosity and Hematocrit 

Whole blood viscosity was determined at shear rates of 6 to 60 revolutions per 

minute (rpm) at 37°C using a cone and plate viscometer (DV-I+, Brookfield Engineering, 
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Stoughton, MA).  Viscosity at the highest shear rate, 60 rpm, is reported.  Hematocrit was 

determined in duplicate using a standard microcapillary technique.  

Arterial Blood Pressures at Rest 

Supine ankle and brachial blood pressure measurements were performed in 

triplicate approximately 15 minutes apart between 7-9 a.m. after an overnight fast on two 

separate occasions.  To avoid investigator bias, measurements were made with an 

automated device (Press-Mate 7800, Colin Medical Instruments, San Antonio, TX) which 

uses an oscillometric technique over the brachial or posterior tibial artery.     

Indirect Measures of Arterial Stiffness   

Carotid augmentation index (AI) and pulse wave velocity (PWV) were measured 

with an automatic medical device (VP-2000, Colin Medical Instruments, San Antonio, 

TX).  This device is designed to simultaneously measure electrocardiograms (ECG), 

phonocardiograms (PCG), bilateral brachial and ankle blood pressure and carotid and 

femoral arterial pulse waves.  Briefly, blood pressure cuffs with internal pressure sensors 

were placed around both upper arms and ankles for the measurement of arterial blood 

pressure by the modified oscillometric method and to obtain pressure waveforms for the 

brachial and posterior tibial arteries.  Tonometers incorporating an array of 15 

micropiezoresistive transducers, were placed over the right carotid and femoral arteries to 

obtain carotid and femoral pulse waves via applanation tonometry.  Carotid AI was 

automatically calculated as the ratio of the amplitude of the pressure wave above its 

systolic shoulder to the total pulse pressure.   Carotid-femoral PWV and femoral-ankle 

PWV, measures of the speed at which the pressure wave travels from a proximal to a 
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distal point, were determine as previously described (Cortez-Cooper et al. 2005). Validity 

and reliability of the VP-2000 was recently established by our laboratory by comparing 

the values obtained with the device to values obtained using criterion methods (Cortez-

Cooper et al. 2003). 

Arterial Compliance  

Arterial compliance of the carotid artery was determined by the technique of 

ultrasound imaging with simultaneous applanation tonometry as described previously 

(Tanaka et al. 2000; Miyachi et al. 2004).  Briefly, the right common carotid artery 

diameter was measured from the images derived from an ultrasound machine (HDI-

5000CV, Philips Medical, Bothel, WA) equipped with a high resolution, multi-frequency 

probe.  A longitudinal image of the cephalic portion of the common carotid artery was 

acquired 1-2 cm proximal to the carotid bulb with the transducer placed at 90° to the 

vessel so that near and far wall interfaces were clearly discernible.  These ultrasound 

images were transferred to a computer with digital viewing software (Access Point 2000, 

Freeland, Westfield, IN) and analyzed for maximal systolic expansion and basal 

(minimum) diastolic relaxation as described previously (Tanaka et al. 2000). 

 Common carotid blood pressure and pressure waveforms were obtained from the 

contralateral artery with a pencil-type probe incorporating a high-fidelity strain-gauge 

transducer (SPT 301, Millar Instruments, Houston, TX).  Because the measurement of 

carotid systolic blood pressure is influence by the amount of pressure exerted on the 

artery during applanation, the pressure signal was calibrated by equating the carotid mean 
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arterial and diastolic blood pressure to brachial artery blood pressure (Armentano et al. 

1995).    

Common femoral artery compliance was measured in the same manner as carotid 

artery compliance but brachial systolic and diastolic blood pressures were used to 

calculate femoral arterial compliance. 

In addition to calculating arterial compliance, we also computed β-stiffness index, an 

equation which minimizes the influence of distending pressure on compliance.  Arterial 

compliance and β-stiffness index were calculated as (D1 – D0)/D0]/ [2(P1 – P0)] x π x 

D02 and [ln(P1/P0)]/[(D1 – D0)/D0], where D1 and D0 are the maximal and minimum 

diameters, and P1 and P0 are the highest and lowest blood pressure values.   

Artery Intima-Media Thickness 

Carotid and femoral artery IMT were measured from the ultrasound images 

recorded during compliance measurements.  IMT was measured at end-diastole with the 

lumen-intima and media-adventitia boundaries traced automatically and calculated as the 

average of 0.1 mm samples over 10 mm using specialized software (Q Lab, Philips 

Medical, Bothell, WA).  All image analyses were performed by the same investigator to 

eliminate inter-tester variability. 

Carotid Artery Reactivity to Cold Pressor Test  

Carotid artery reactivity to the cold pressor test has been proposed as an index of 

vascular endothelium-dependent vasodilation (Rubenfire et al. 2000).  In order to 

measure endothelium function in an elastic artery, carotid artery reactivity to a cold 

pressor test was performed according to the method described by Rubenfire et al. (2000). 
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Briefly, a cold pressor test was performed by submersion of the right foot to the ankle in 

iced slush for 120 s with measurements of common carotid artery diameter made at 

baseline and during the last 30 s of the test.  Prior to testing, the subject was tested for 

intact temperature sensation of the right foot and ankle and instructed to avoid breath 

holding, muscle contractions and Valsalva’s maneuver during the test.  

Cardiovagal Baroreflex Sensitivity (BRS)   

Cardiovagal BRS was assessed using the Valsalva maneuver as described by 

(Monahan et al. 2000) and shown to have a high correlation (r = 0.91) with the Oxford 

technique (Palmero et al. 1981).  Briefly, after 15 min of seated rest, the subject took a 

deep breath and expired forcefully into a respiratory tube to achieve 40 mmHg of 

expiratory mouth pressure for 10 s.  The respiratory tube was connected to a pressure 

transducer (Becton-Dickinson, Franklin Lakes, NJ) interfaced with a computer.  

Measurements of expiratory mouth pressure, ECG (R-R interval) and beat-to-beat arterial 

blood pressure were recorded continuously before, during and after the Valsalva’s 

maneuver.  Subjects performed at least 3 trials separated by 5 min of rest.  Prior to 

testing, subjects practiced achieving a constant 40 mmHg expiratory mouth pressure.   

Left Ventricular Stiffness and Function  

Left ventricular (LV) function and structure were assessed using M-mode, two-

dimensional, and Doppler echocardiography (HDI-5000CV, Philips Medical, Bothel, 

WA) equipped with a 2.5-MHz sector transducer.  The American Society of 

Echocardiography measurements were used to calculate LV chamber diameter, wall 

thickness, and relative wall thickness. LV mass was estimated with standard equations 
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(Devereux et al. 1997).  At least six cardiac cycles were used for data analysis.  

Fractional shortening (FS) was calculated from the formula, FS = [(LVEDD-

LVESD)/LVEDD] x 100, where LVEDD is end-diastolic and LVESD is end-systolic 

diameter.  Stroke volume was estimated from M-mode and cardiac output was calculated 

as the product of stroke volume and heart rate.  Early and late transmitral diastolic peak 

flow velocities were determined at the apex of mitral valve excursion.  The ratio of early 

to late peak flow velocity was used as a measure of LV diastolic function.   

Strength Training Intervention 

Strength training was performed 3x/week on commercially available selectorize 

machines (except where noted) at approximately 70% of 1 RM.  The exercise program 

consisted of ten different exercises performed in the following order: seated chest press, 

horizontal leg press, shoulder press, abdominal crunches, seated hamstring curls, seated 

row, seated calf raises, low back extension, tricep curls, and bicep dumbbell curls.  The 

exercises were performed for a single set of 8 to 12 repetitions following a warm-up set 

of 10 repetitions at approximately 50% of 1RM and light stretching of the target muscle 

group.  A one minute rest period was given between the warm-up and target weight set.  

A rest interval of 2-3 minutes was given between exercises.  When the subject could 

perform more than 12 repetitions with the target weight, resistance was increased and the 

number of repetitions reduced accordingly.  The entire strength training session lasted 

between 45-60 minutes which included a 5 minute warm-up on an elliptical trainer kept 

below 50 rpms.  All exercise sessions were supervised by an experienced trainer.  
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Stretching Intervention  

The stretching group served as the time and attention control group by 

participating in a mild stretching program designed to take the major muscle groups 

through full range 3x/week.  Most of the stretches were held for 20 seconds at end range 

(point of minimal discomfort) for 3 repetitions.  Two of the stretching sessions were 

supervised and one session was performed at home.  

Statistical Analysis 

A two-way (group x time) analysis of variance (ANOVA) with repeated measures 

was used to compare the means of the stretching and strength training group for the 

dependent variables.  When a significant interaction effect was found, pairwise 

comparisons were made between the variables of interest. A second 2-way ANOVA with 

repeated measures was used to compare the means of the first strength training group 

with the second strength training group (subjects crossing over from the stretching 

program).    Because there was no interaction effect between the two strength training 

groups on the main dependent variables, subjects were combined and paired t-tests were 

used to compare means before and after strength training.  Only the pooled strength 

training data are reported.  All statistical analyses were performed with SPSS 11.5 

software (SPSS Inc., Chicago, IL) with the alpha level set a priori at 0.05. 

Results 

Subject Characteristics and Cardiovascular Risk Factors 

Cardiovascular risk factors were measured prior to intervention to exclude 

subjects with hypertension, diabetes and dyslipidemia.   These risk factors were measured 
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after the intervention to determine if these variables might confound the interpretation of 

the effects of strength training on arterial compliance.  There were no baseline differences 

between the stretching and strength training groups with regard to cardiovascular risk 

factors and other descriptor variables nor were there any intervention effects except for a 

small but significant increase in body weight in the strength training group (Table 1).     

Strength training program 

All participants randomized into the strength training group completed 35±3 

strength training sessions in 13 weeks (no dropouts).   Maximal strength, as measured by 

1 RM, significantly increased in the major flexors and extensors of the upper and lower 

extremity and subjects gained ~1.5 kg of lean body mass (P<0.001; Table 2).  In order to 

quantify the magnitude of the pressor response during weight lifting exercise in women, 

brachial blood pressure was measured before and immediately after selected weight 

training exercises.  The pressor responses of the women following their main set of 

horizontal leg press, seated chest press, and triceps push down were 28±13 mmHg, 16±8 

mmHg and 14±7 mmHg, respectively.  Neither stretching (27.1±6 ml/kg/min vs. 

26.6±5.4 ml/kg/min) nor strength training improved maximal aerobic capacity or 

treadmill time to exhaustion (Table 2).   

Blood pressure 

Baseline values for brachial, carotid and ankle systolic, mean and diastolic blood 

pressure were not different between the stretching and strength training group (Table 3).  

Ankle and brachial systolic blood pressure and pulse pressure declined in the stretching 

group and was accompanied by a 6±10 mmHg reduction in carotid pulse pressure 
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(P<0.05; Table 3).  Although strength training had no significant effect on brachial or 

carotid systolic pressure, it increased ankle systolic blood pressure an average of 6±9 

mmHg (P<0.05).  Cardiovagal baroreflex sensitivity, as measured by the slope of a line 

constructed from the Valsalva test, did not change following stretching (13±6 ms/mmHg 

vs. 16±9 ms/mmHg) or strength training (13±7 ms/mmHg vs. 11±4 ms/mmHg).    

Arterial Compliance 

There were significant changes in carotid arterial compliance following the 13 

week intervention period.  The stretching group experienced an increase in central arterial 

compliance from 0.102±0.038 mm2/mmHg to 0.124±0.048 mm2/mmHg whereas strength 

training decreased compliance from 0.103±0.044 mm2/Hg to 0.086±0.019 mm2/Hg 

(P<0.05; Figure 1).  Beta stiffness index, a measure of central arterial stiffness that is less 

pressure dependent than arterial compliance, was not affected by either the stretching 

(7.1±2.1 vs. 6.2±1.6) or strength training (7.6±2.1 vs. 8.2±1.9) interventions.  Carotid-

femoral PWV and AI, all indirect measures of central arterial stiffness, did not change in 

either the stretching or strength training group (Table 4).  Unlike central artery 

compliance, peripheral artery compliance increased 15% in the strength training group 

(P=0.10; Figure 1) and was essentially unchanged in the stretching group.  Femoral β-

stiffness index was unaffected by stretching (16.2±8.6 U vs. 15.4±5.0 U) or strength 

training (18.1±8.1 U vs. 17.4±7.9 U). 

Arterial Structural Changes 

In the 13 week intervention period, strength training produced a slight decrease in 

carotid lumen diameter (P=0.10) and increase in carotid IMT (P=0.07) such that relative 
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wall thickness of the carotid artery increased (P<0.05; Figure 2 and Table 4).  Strength 

training had the opposite effect on the more muscular femoral artery.  Femoral lumen 

diameter increased while femoral IMT decreased to reduce relative wall thickness 

approximately 10% (P<0.05; Figure 2).  There were no changes in IMT or lumen 

diameter of the carotid or femoral arteries in the stretching group.  

Vasoconstrictor Hormones and Vasoreactivity to the Cold Pressor Test (CPT) 

Basal concentrations of the plasma vasoconstrictor hormones, endothelin-1, 

norepinephrine and angiotensin II remained unchanged following intervention in both 

stretching and strength training groups (Table 5).  Absolute and relative diameter changes 

of the carotid artery during the CPT were similar for both groups before and after 

intervention (Table 5). 

Cardiac Structure and Function 

Strength training did not induce changes in left ventricle mass, chamber size, wall 

thickness, or relative wall thickness (Table 6).  Ejection fraction and fractional 

shortening, measures of systolic cardiac function, remained unchanged.  Diastolic cardiac 

function, as measured by the ratio of early to late transmitral diastolic blood flow, was 

similar before and after strength training.  Cardiac output and stroke volume, indices of 

overall cardiac function, were unaffected by strength training. 

Discussion 

The major findings of this study were four-fold.  First, there was a modest 

decrease in central arterial compliance with strength training in previously sedentary 

older adults who already have low arterial compliance.  Second, the decrease in arterial 
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compliance appears to be due to structural rather than functional changes in the carotid 

arterial wall.  Third, the reductions in central arterial compliance after 13 weeks of 

strength training did not result in negative changes in cardiac structure and function.  

Fourth, central and peripheral arteries appear to adapt differently to a strength training 

stimulus.   

Central arterial compliance decreased significantly in older adults engaged in a 

moderate intensity strength training program as recommended by the ACSM (ACSM, 

2000).  This finding is consistent with cross-sectional studies comparing young strength-

trained men with young sedentary men (Bertovic et al, 1999), strength-trained middle-

aged men with their sedentary counterparts (Miyachi et al, 2003) and more recently, with 

strength training intervention in young men (Miyachi et al, 2004).  Because of the already 

low baseline arterial compliance levels in older adults, it was not known whether strength 

training would further reduce central arterial compliance in this population.  Surprisingly, 

a similar decrease in central arterial compliance occurred with strength training in older 

adults. The magnitude of the decrease in central arterial compliance with strength training 

in the present study was ~17%, a little less than the 19% reduction reported for young 

men (Miyachi et al, 2004).  

Arterial compliance is determined by structural components in the arterial wall as 

well as functional components (i.e., the contractile state of the vascular smooth muscle 

cells).  The decrease in central arterial compliance seen in this study appears to be due to 

structural rather than functional changes in the artery.  Reductions in carotid arterial 

compliance were associated with significant increases in carotid relative wall thickness.  
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Transient increases in arterial blood pressure during strength training, which increases 

arterial wall stress, may be the stimulus for the increase in relative wall thickness.  The 

increase in wall stress is expected to be particularly strong in the arterial segments closest 

to the heart where the pulsatile changes in arterial diameter are largest.  Systolic blood 

pressure increases as much as 60-90 mmHg during weight lifting in older men and 

women (Bermon et al. 2000).  The magnitude of brachial systolic pressor responses 

immediately following a resistance training set observed in the older women in the 

present study were lower than those reported, but this is to be expected because peak 

blood pressure begins to decline as early as the eccentric phase of a concentric muscular 

contraction (MacDougall et al. 1985).  Although brachial blood pressure may return to 

pre-exercise values after a weight lifting session, carotid systolic blood pressure and 

carotid pulse pressure have been shown to remain significantly elevated for up to 30 

minutes post exercise (DeVan et al. 2005).  Therefore, the extreme intermittent increases 

in arterial blood pressure during a 45 minute strength training session combined with the 

sustained increase in carotid systolic blood pressure 30 minutes following the exercise 

session may provide a sufficient stimulus for increases in relative wall thickness in the 

carotid artery. 

Acute changes in nitric oxide bioavailability alter arterial stiffness (Kinlay et al. 

2001, Wilkinson et al. 2002), and endothelial function responds rapidly to dietary 

(Katakam et al. 1998, Keogh et al. 2005) and aerobic exercise interventions (Delp and 

Laughlin 1997).   Given this, we hypothesized that decreased endothelial function would 

be responsible for the reduction in central arterial compliance following strength training.  
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Contrary to our hypothesis, endothelial function in the carotid artery as assessed by the 

CPT did not change with strength training.  We chose the CPT to assess flow-mediated 

dilation because it allowed us to determine endothelial function in the same artery at 

which arterial compliance was measured.  Although the relative changes in carotid artery 

diameter during the CPT were small, our finding is in agreement with the only other 

study assessing endothelial function following strength training.  (Rakobowchuk et al. 

2005) reported no change in brachial artery flow-mediated dilatation after weight 

training.   

Arterial compliance is modulated by a variety of circulating humoral factors.  In 

the present study, basal concentrations of the vasoconstrictor hormones, endothelin-1, 

norepinephrine and angiotensin II were unchanged following strength training, 

suggesting that the vasoconstrictor state of the smooth muscle cells may not be a 

contributor to the decrease in arterial compliance.  It should, however, be noted that basal 

plasma concentrations simply reflect the net accumulation of these hormones and do not 

indicate their release or effective action.   

Reduced compliance of central arteries can induce LV hypertrophy by increasing 

aortic impedance and can decrease the arterial baroreflex gain by reducing deformation of 

the arterial wall in response to a change in intramural pressure.  Although central arterial 

compliance decreased with strength training, we did not find corresponding increases in 

LV mass or decreases in cardiovagal baroreflex sensitivity.  Our results, with respect to 

cardiovagal BRS, are in agreement with a previous study that reported no change in 

cardiovascular responses to lower body negative pressure following resistance training in 
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the elderly (Panton et al. 2001).  It is important to bear in mind that baseline arterial 

compliance of the older subjects was fairly low, and therefore a reduction in arterial 

compliance may not exert the same impact as it would in normal and more compliant 

arteries.  In support of this idea, increases in LV mass index and LV hypertrophy index 

have been reported in response to strength training in young (Miyachi et al., 2004), but 

not in older adults (Haykowsky et al. 2000). Therefore, the modest decrease in central 

arterial compliance seen in this study may not be clinically significant.  Alternatively, 

more time may be needed for these adaptations to occur. 

Unlike the carotid artery, the femoral artery adapted to the strength training 

stimuli with a decrease in relative wall thickness and a 15% increase in arterial 

compliance.  Strength training in older adults is associated with increased basal limb 

blood flow (Miyachi et al, 2004), which could in turn decrease femoral IMT and increase 

internal arterial diameter, a phenomenon termed "expansive arterial remodeling" 

(Dinenno et al. 2001a, Kohler and Jawien 1992).  Although the increase in femoral artery 

diameter as well as the reduction in IMT was small in the present study, they could act to 

increase arterial compliance.  One may argue that all of the physiological mechanisms 

described above would affect both central and peripheral arteries alike and therefore, 

similar reductions in compliance should be observed in both arteries.  However, 

peripheral arteries act primarily as conduit arteries whereas central arteries actively 

dampen cardiac pulsations and experience much larger fluctuations in pulsatile diameter 

changes.  Furthermore, peripheral arterial blood pressure returns to baseline immediately 

after a weight training session while central systolic blood pressure does not (DeVan et 
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al. 2005). Therefore, these results indicate that the interaction between the mechanical 

factors and physiological mechanisms described above may play an important role in the 

differential effect of strength training on arterial structure and compliance.   

An unexpected finding of the study was that a stretching program significantly 

increased carotid arterial compliance.  Some increase in carotid arterial compliance might 

be expected in the control group due to a reduction in state anxiety from familiarization 

with the testing procedures and investigators.  Because we have established good 

reliability in the measurements of arterial compliance in our laboratory and the increase 

in arterial compliance was statistically significant, the increase in arterial compliance may 

reflect an effect of the intervention as well.  Although not designed to be a form of 

relaxation therapy, it is possible that the active stretching exercises may have acted like 

tense-release exercises used in progressive muscle relaxation techniques.  Muscle 

relaxation exercises used to treat hypertension have been shown to reduce systolic blood 

pressure and perception of stress (Sheu et al. 2003, Yung et al. 2001).  

The present study design did not have subjects crossing over from the strength 

training group into the stretching group therefore it is not a pure cross-over study design.  

We felt that it is unethical to have subjects return to a less physically active state.  After 

completing the strength training program, most subjects expressed a strong desire to 

begin a cardiovascular fitness program now that they had acquired the exercise “habit”.  

Conversely, only 2 subjects in the stretching group were enthusiastic about being 

randomized into this program.  The prospect of being able to crossover into the strength 

training kept compliance with the stretching program at 100%.  It is doubtful that 
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compliance with the stretching program would have been similar for strength-trained 

subjects crossing over into the stretching program.  

 In summary, a whole body strength training program performed 3 times per week 

for 13 weeks decreased central arterial compliance in previously sedentary healthy older 

adults.  The decrease in central arterial compliance does not appear to be the result of 

impaired endothelial function but rather an increase in relative wall thickness.  Although 

a reduction in central arterial compliance is undesirable, its clinical relevance with 

respect to cardiac structure and diastolic function was not evident with the duration of 

this study.  A longer intervention period may be needed to determine if the reduction in 

central arterial compliance beyond that seen with aging, negatively impacts left 

ventricular function.  In contrast to an elastic artery, the muscular femoral artery 

responded to strength training with a decrease in relative wall thickness.   
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Table 5.1  Selected subject characteristics and cardiovascular risk factors 
 
 
Variable 

 
Stretching 

Combined Strength 
Training 

 Pre Post Pre Post 
Sex, M/F 4/6 --- 7/10 --- 
Age, yrs 55±9 --- 54±10 --- 
Height, cm 169±10 --- 171±12 --- 
Body weight, kg 72.0±13.3 71.4±14.1 76.8±12.8 77.9±12.4* 
Body mass index, kg/m2 25.2±3.5 25.0±3.9 26.3±4.4 26.7±4.4 
Total cholesterol, 
mmol/L 

5.2±0.5 5.3±0.5 5.0±0.7 5.0±0.5 

LDL-cholesterol, 
mmol/L 

3.3±0.6 3.2±0.6 3.2±0.6 3.0±0.3 

HDL-cholesterol, 
mmol/L 

1.4±0.5 1.6±0.6 1.4±0.5 1.5±0.4 

Triglycerides, mmol/L 1.3±0.9 1.2±0.6 1.1±0.7 1.0±0.5 
Fasting glucose, 
mmol/L 

5.6±0.4 5.7±0.4 5.6±0.5 5.5±0.6 

Fasting insulin, pmol/L 82±53 74±64 102±141 114±178 
HbA1c, % 5.2±0.7 5.4±0.3 5.4±0.7 5.6±0.3 
2 hr glucose, mmol/L 4.6±1.6 5.4±0.8 5.7±1.8 5.4±1.3 
2 hr insulin, pmol/L 247±179 274±214 288±199 347±351 
Hematocrit, % 41±3 42±3 41±3 43±6 
Blood viscosity, cP 4.2±1.1 4.4±1.0 4.1±0.7 4.3±0.6 
C-reactive protein, 
mg/L 

3.3±3.3 2.4±2.0 3.2±4.8 2.6±3.8 

Data are mean±S.D.  *P<0.05 vs Pre  
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Table 5.2  Changes in body composition, one repetition maximum strength and maximal 
exercise indices following strength training 
 
 
Variable 

 
Pre 

 
Post 

Body mass, kg 76.8±12.8 77.9±12.4*
Body fat, % 36±12 35±12 
Lean body mass, kg 47.2±12.2 48.8±13.0*
Bench press, kg 34±14 41±17* 
Seated row, kg 55±19 64±23* 
Leg press, kg 58±23 70±25* 
Hamstring curl, kg 44±14 54±19* 
Maximal oxygen consumption, 
ml/kg/min 

28.9±6.6 29.4±7.0 

Maximal heart rate, bpm 170±16 171±16 
RERmax 1.16±0.07 1.14±0.07 
Treadmill time to exhaustion, min 10.2±1.6 10.5±1.6 

Data are mean±S.D.  RER= respiratory exchange ratio  *P<0.01 vs Pre 
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Table 5.3  Heart rate and blood pressure  
 
 
Variable 

 
Stretching 

Combined 
Strength Training 

 Pre Post Pre Post 
Heart rate at rest, bpm 66±6 65±8 66±8 65±10 
Brachial systolic BP, 
mmHg 

123±14 118±13 118±12 118±14 

Brachial mean BP, mmHg 88±10 85±10 86±9 86±9 
Brachial diastolic BP, 
mmHg 

69±9 68±9 68±9 67±8 

Brachial pulse pressure, 
mmHg 

54±8 50±8 50±8 51±10 

Carotid systolic BP, mmHg 110±14 104±11 109±10 110±13 
Carotid pulse pressure, 
mmHg 

41±8 36±8* 41±10 43±13 

Ankle systolic BP, mmHg 141±16 136±10 138±13 143±17* 
Data are mean±S.D.  BP = Blood pressure  *P<0.05 vs Pre  
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Table 5.4  Arterial structure and arterial stiffness 
 
 
 
Variable 

 
 

Stretching 

 
Combined Strength 

Training 
 Pre Post Pre Post 
Arterial Structure     
Carotid IMT, mm 0.52±0.08 0.51±0.08 0.54±0.12 0.56±0.09 
Carotid lumen diameter, mm 6.07±0.61 6.02±0.81 6.20±0.73 6.1±0.78 
Femoral IMT, mm 0.50±0.07 0.47±0.08 0.48±0.08 0.46±0.08* 
Femoral lumen diameter, mm 7.72±1.07 7.73±1.01 7.83±1.26 8.07±1.21 
 
Arterial Stiffness     

Carotid augmentation index, 
% 21±15 21±18 17±20 17±19 

Carotid-Femoral PWV, cm/s 1147±181 1148±200 1177±153 1138±165 
Femoral-Ankle PWV, cm/s 1054±85 1068±36 1031±98 993±100 

Data are mean±S.D.  IMT = Intima-media thickness; PWV = Pulse wave velocity 
*P<0.05 vs Pre 
 
 
 
 
Table 5.5  Plasma concentration of vasoconstrictor hormones and vasoreactivity to the 
cold pressor test (CPT) 
 
 
Variable 

 
Stretching 

Combined 
Strength Training 

Hormones Pre Post Pre Post 
Endothelin-1, pg/ml 0.95±0.48 1.08±0.52 0.99±0.47 0.95±0.56 
Norepinephrine, ng/ml 0.50±0.29 0.44±0.14 0.42±0.13 0.47±0.16 
Angiotensin II, pg/ml 4.6±2.3 4.4±2.4 3.8±1.8 4.1±2.8 
 
Cold Pressor Test 

    

∆Carotid diameter, mm 0.22±0.20 0.31±0.21 0.27±0.16 0.25±0.19 
∆Carotid diameter, % 3.5±3.2 4.9±3.0 4.3±2.4 3.6±2.3 

Data are mean±S.D.  *P<0.05 vs Pre  
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Table 5.6  Cardiac structure and function following strength training 
 
 
Variable 

 
Pre 

 
Post 

LV mass, g 121±31 122±32 
LV mass index, g/kg 1.6±0.4 1.6±0.3 
LV diastolic diameter, mm 50±5 50±5 
LV diastolic posterior wall thickness, mm 7.4±0.2 7.6±0.1 
LV wall thickness/LV diastolic diameter, 
mm/mm 0.15±0.03 0.15±0.02 

Ejection fraction, % 75±6 74±7 
Fractional shortening, % 44±6 44±6 
Stroke volume, ml 87±20 86±18 
Cardiac output, l/min 5.8±1.3 5.9±1.1 
E/A ratio 1.3±0.3 1.2±0.2 

Data are mean±S.D.  LV= left ventricle; E/A= ratio of early to late transmitral diastolic 
blood flow  



 

   

 
 
Table 5.7  Hemodynamic indices for each intervention
Variable  

Stretching 
n =10 

 
Strength Training 

n =10 

Cross-over 
Strength Training 

n = 7 
 Pre Post Pre Post Pre Post 
Resting Heart Rate, 
bpm 

66±6 65±8 65±6 62±6 69±11 70±12 

Brachial Systolic 
BP, mmHg 

123±14 118±13 114±10 115±13 124±12 123±13 

Brachial Mean BP, 
mmHg 

88±10 85±10 84±9 85±9 88±9 89±8 

Brachial Diastolic 
BP, mmHg 

69±9 68±9 66±9 66±7 71±9 70±9 

Brachial Pulse 
Pressure, mmHg 

54±8 50±8 48±7 49±11 53±8 53±8 

Carotid Systolic BP, 
mmHg 

110±14 104±11 109±9 110±15 108±12 109±11 

Carotid Pulse 
Pressure, mmHg 

41±8 36±8* 43±10 44±14 37±9.4 39±12.4

Ankle Systolic BP, 
mmHg 

141±16 136±10 136±15 140±21 140±8 148±8 

 
Data are mean±S.D.  BP = Blood pressure 
*P<0.05 vs Pre 
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Table 5.8  Arterial stiffness and structure for each intervention 

 
 
Variable 

 
Stretching 

n =10 

 
Strength Training 

n =10 

Cross-over 
Strength 
Training 

n = 7 
 Pre Post Pre Post Pre Post 

Carotid IMT, mm 0.52 
±0.08 

0.51 
±0.08 

0.56 
±0.14 

0.57 
±0.10 

0.51 
±0.08 

0.54 
±0.08 

Carotid Lumen 
Diameter, mm 

6.07 
±0.61 

6.02 
±0.81 

6.12 
±0.84 

5.97* 
±0.81 

6.30 
±0.60 

6.31 
±0.74 

Carotid IMT/Lumen 
Diameter, mm/mm 

0.086 
±0.014

0.086 
±0.015

0.092 
±0.018

0.097 
±0.014 

0.080 
±0.011 

0.085±
0.010 

Carotid Augmentation 
Index, % 21±15 21±18 17±21 17±20 16±20 16±19 

Carotid-Femoral 
PWV, cm/s 

1147 
±181 

1148 
±200 

1134 
±129 

1062 
±113 

1232 
±175 

1235 
±178 

Femoral-Ankle PWV, 
cm/s 

1054 
±85 

1068 
±36 

1030 
±115 

994 
±121 

1033 
±79 

992 
±74 

Femoral IMT, mm 0.50 
±0.07 

0.47 
±0.08 

0.49 
±0.09 

0.44* 
±0.07 

0.47 
±0.08 

0.46 
±0.09 

Femoral Lumen 
Diameter, mm 

7.72 
±1.07 

7.73 
±1.01 

7.59 
±1.47 

7.98 
±1.29 

8.13 
±0.95 

8.18 
±1.19 

Femoral IMT/Lumen 
Diameter, mm/mm 

0.066 
±0.012

0.062 
±0.010

0.065 
±0.016

0.055* 
±0.010 

0.059 
±0.013 

0.057 
±0.014 

 
Data are mean±S.D.  IMT = Intima-media thickness; PWV = Pulse wave velocity 
*P<0.05 vs Pre
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Figure 5.1  Carotid arterial compliance and femoral arterial compliance for stretching 
and combined strength training groups.  Data are mean±SEM.  *P<0.05 vs. baseline 
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Figure 5.2  Carotid artery and femoral artery relative wall thickness (lumen 
diameter/wall thickness) for stretching and combined strength training group.  Data are 
mean±SEM.  *P<0.05 vs. baseline 
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CHAPTER 6 

 

Expanded Review of Literature 

 

Introduction 

 As we age, our risk for cardiovascular disease increases.  Although much 

attention has been focused on controlling pathological states known to increase the risk 

for CVD, such as hypertension and dyslipidemia, a new focus has been directed toward 

understanding changes in the arteries as a result of primary aging that may make the aged 

artery susceptible to the development of atherosclerosis (Lakatta and Levy 2003).  

Stiffening of the arteries is one such primary aging phenomenon observed in the central, 

elastic arteries that has been proposed as an independent risk factor for CVD (Arnett et al. 

1994).  Arterial stiffness or its inverse, arterial compliance, refers to the ability of an 

artery to expand and recoil in response to cardiac pulsations.  This behavior of an artery 

is particularly important in the arteries closest to the heart.  Stiffening decreases the 

cushioning function of the aorta resulting in impaired conversion of pulsatile flow to 

continuous flow which may have implications for end-organ damage (Safar 2000) as well 

as reduced nitric oxide release (Et-Taouil et al. 2003, Peng et al. 2003).  At the same 

time, stiffening of the arteries increases pulse wave velocity, which in turn, increases 

reflected waves from the periphery and augments systolic pressure (Belz 1995).  Thus, 

arterial stiffness not only paves the way for the development of systolic hypertension and 

atherosclerosis, but also results in active and passive stiffening of the left ventricle in 
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order to maintain stroke volume and ejection fraction by preserving vascular-ventricular 

coupling (Chen et al. 1998).   

 The focus of this review, therefore, will begin with a general overview of what is 

known about the development of arterial stiffness with age, a brief synopsis of how it is 

measured and the clinical relevance of arterial stiffening.  The last half of the review will 

briefly describe the effects of aerobic exercise on arterial stiffness and progress to what is 

known with regard to resistance exercise and arterial stiffness and the potential 

mechanisms mediating the observed changes in arterial stiffness.   

Age-Related Increases in Arterial Stiffness 

Age and arterial stiffness have been shown to be linearly related in a population 

with a low prevalence of atherosclerosis and hypertension suggesting that arterial 

stiffening is a primary aging phenomenon(Avolio et al. 1983).  The relation between 

aging and arterial stiffness is seen in both men (r=0.50, P<0.05) and women (r=0.63, 

P<0.0001) (Vaitkevicius et al. 1993) and can be accelerated by hypertension (Avolio et 

al. 1985), diabetes and smoking.  However not all segments of the arterial tree 

demonstrate this aging phenomenon equally.  The central, most elastic arteries undergo 

arterial stiffening to a much greater degree than the muscular arteries (Bortolotto et al. 

1999, Boutouyrie et al. 1992, Tanaka et al. 1998a). The age related increase in central 

arterial stiffness is attributed to both structural and functional changes occurring within 

the artery.   
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Causes of Age-Related Arterial Stiffness 

Structural changes 

Age-related structural changes include increased collagen content; increased 

medial wall thickness/cross-sectional area (Benetos et al. 1993, Gaballa et al. 1998) 

increased collagen cross-linking (Benetos et al. 1993, Gaballa et al. 1998), fracture and 

fragmentation of the elastic lamellae (O'Rourke 1995) and decreased elastin/collagen 

ratio (Gaballa et al. 1998).  Advanced glycation end-products (AGEs) and the subsequent 

formation of collagen cross-links are more recently proposed mechanisms that have 

gathered substantial attention due to the high prevalence of diabetes (Kass et al. 2001, 

Sims et al. 1996)  Thus far, evidence regarding the relation is based primarily on data 

obtained in diabetic subjects in whom the duration of diabetes has been significantly 

correlated with aortic stiffness (Oxlund et al. 1989) or glycation cross-links in the aortic 

media and intima (Sims et al., 1996).  However, the administration of the AGE cross-link 

breaker, ALT-7111, to a group of non-diabetic, hypertensive individuals significantly 

decreased arterial stiffness (Kass et al. 2001) suggesting their role in other disease states.  

Although AGEs play a clear role in large artery stiffening in diabetics, its relation to age-

related stiffness, independent of chronic disease, remains unconfirmed.     

Functional changes: endothelium function 

 Functional changes in the artery that occur with age include decreased NO 

bioavailability and increased vasoconstrictor tone.  It is well accepted that endothelium 

function declines with age based on human and animal studies.  The decline in 

endothelium function is seen in elastic, conducting arteries (Delp et al. 1995) in muscular, 
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peripheral arteries (DeSouza et al. 2000, Gerhard et al. 1996), skeletal muscle arterioles 

(Muller-Delp et al. 2002), and coronary arteries (Egashira et al. 1993, Woodman et al. 

2003).  Because the endothelium is responsible for the production of nitric oxide (NO), a 

vasodilator substance, it has been hypothesized that decreased NO bioavailability 

contributes to the age-related decline in arterial compliance (Kinlay et al. 2001, Taddei et 

al. 2001, Wilkinson et al. 2002).  In a study of the brachial artery, intravascular 

ultrasound was used to assess arterial elasticity over a range of luminal distending 

pressures in the absence and presence of a nitric oxide synthase inhibitor, L-NMMA 

(Kinlay et al. 2001).  L-NMMA reduced arterial compliance and increased pulse wave 

velocity suggesting that the bioavailability of nitric oxide plays a direct role in arterial 

compliance (Kinlay et al. 2001).  These findings have been supported in the femoral 

artery as well (Wilkinson et al. 2002).   

The vascular endothelium also releases vasoconstrictor peptides, namely 

endothelin-1.  With age, vasoreactivity to endothelin-1 appears to decrease in the aorta, 

and in the mesentery and coronary arteries (Donoso et al. 1994, Ishihata et al. 1991, 

Shipley and Muller-Delp 2005).  Therefore, it is unlikely that in healthy aging, the 

vasoconstrictor effect of endothelin-1 contributes significantly to central vascular 

stiffening.  

Functional changes: sympathetic nervous system activity 

In addition to reduced vascular endothelial mediated vasodilator tone, increased 

sympathetic nerve activity and/or increased concentrations of vasoconstrictor hormones 

could also play a role in age-related arterial stiffening.  With regard to sympathetic nerve 
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activity, studies using microneurography to characterize sympathetic outflow to the leg in 

humans indicate elevated muscle sympathetic nerve activity (MSNA) in old compared 

with young men (Davy et al. 1998, Dinenno et al. 1999, Dinenno et al. 2001b).  Whether 

or not the observed increase in MSNA is associated with increased vasoconstriction was 

recently investigated by Dinenno et al. (2001).  Using α-adrenergic receptor blockade, 

femoral vascular resistance was significantly reduced in the old but not young sedentary 

men (Dinenno et al. 2001b).  Taken together, these data suggest that under basal 

conditions, increased sympathetic tone could contribute to increased arterial stiffness 

with age.  However these results were found in the muscular femoral artery, an artery 

which exhibits little age related arterial stiffness and therefore may not be extrapolated to 

an elastic artery (Boutouyrie et al. 1992).  Indeed, an age-related reduction in basal α-

adrenergic tone has been demonstrated in the carotid artery (Benetos et al. 1993).  

Nonetheless, increased peripheral vascular tone could indirectly affect central arterial 

stiffness by decreasing the timing of reflected waves and thus augmenting carotid systolic 

blood pressure.  This concept will be addressed more fully in the section on “carotid 

augmentation index” below. 

Measures of Arterial Stiffness 

Direct methods 

Arterial stiffness can be described mathematically by equations which express 

arterial diameter changes relative to pressure changes.  While the terms “elasticity,” 

“distensibility,” and “compliance” may all refer to the same general functional 

characteristic of an artery, mathematically they are distinct.  Elasticity, or Peterson’s 
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elastic modulus is the pressure step required for a theoretical 100% stretch from resting 

diameter.  Distensibility is the relative diameter or area change for a given pressure 

increment, and compliance is the absolute diameter or area change for a given pressure 

step.  When methods are used to determine arterial diameter and pressure, they are 

referred to as direct measures of arterial stiffness (O'Rourke et al. 2002).  Non-invasive 

direct measures of arterial stiffness use diagnostic ultrasound for imaging of the artery of 

interest and conventionally measured brachial blood pressures or the technique of 

applanation tonometry.  Applanation tonometry is based on the principle that if a curved, 

pressure containing vessel can be flattened, or “applanated,” by a pressure sensor, then 

the circumferential wall stresses are balanced and intra-arterial pressure can be accurately 

measured (Kelly R 1989) 

Indirect methods: pulse wave velocity 

 Pulse wave velocity (PWV) is an indirect measure of arterial stiffness which has 

recently been identified as the best available technique to assess arterial stiffness 

(O'Rourke et al. 2002).  As an artery becomes stiff, the velocity of arterial wave 

propagation increases.  To measure PWV, the arterial pulse wave is recorded at a 

proximal site, such as the carotid artery, and at a distal site, such as the femoral artery.  

The time delay from the arrival of the proximal pulse wave to the distal site is divided by 

the distance between the two sites to determine PWV.  Thus PWV can be a good estimate 

of arterial stiffness in a large segment of an artery, such as the aorta, where 

atherosclerosis is often quite patchy.  The direct measures of arterial stiffness are limited 

to a single point on the artery.  
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Indirect methods: carotid augmentation index 

 Another indirect measure of arterial stiffness is carotid augmentation index (AI) 

which is calculated from an arterial pressure waveform.  A pressure waveform consists of 

a forward moving pressure wave (incident wave) coming from the heart and a reflected 

wave returning from the periphery.  “Colliding” or summation of the reflected wave with 

the incident wave will cause the resultant pressure waveform to have a characteristic 

appearance.  When a reflected wave returns during systole, late systolic pressure is 

“augmented” and a “shoulder” is seen on the front of the pressure waveform.  

Augmentation index is calculated as the height of the peak above the shoulder relative to 

the height of the entire pressure wave (pulse pressure) (Kelly R 1989).   

The timing of the reflected pressure wave is influenced by several factors, how 

fast the incident wave is moving (PWV) how far the reflective site is from the point of 

measurement, heart rate and left ventricular ejection characteristics.  Because the first two 

factors are the major contributors to AI, this index is an estimate of arterial stiffening and 

peripheral vascular tone.  Augmentation of systolic blood pressure increases pulse 

pressure, which is a surrogate measure of arterial stiffness. 

Clinical Significance of Arterial Stiffness 

Cardiovascular disease risk 

 Data from the Framingham Heart study suggests that pulse pressure is an 

important predictor of CHD in normotensive and untreated hypertensive middle-aged and 

elderly adults (Franklin et al. 1999).  When the subject population is hypertensive, and 

arterial stiffness is measured by aortic PWV, the risk of experiencing a CHD event rises 
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with each tertile of aortic PWV and remains significant even after adjusting for 

Framingham risk scores and all other CVD risk factors (Boutouyrie et al. 2002).  An 

important question is whether effects of arterial stiffness on CVD are independent of 

changes in major risk factors.  In multivariate analysis, when both Framingham risk 

scores and aortic pulse wave velocity were entered into the equation, PWV remained 

significantly associated with the occurrence of all CV and CHD events in hypertensive, 

but otherwise healthy patients over the course of 5.7 years (Boutouyrie et al. 2002).  

Results were similar for CHD events.  More importantly, aortic PWV was more 

predictive of primary CHD events in patients in the lowest tertiles of FRS and thereby 

benefited the most from risk assessment with PWV. (Boutouyrie et al. 2002). 

Hypertension 

 At least some of the effects of arterial stiffness on cardiovascular disease are 

mediated through its impact on arterial blood pressure.  However, the relation between 

arterial stiffness and hypertension is difficult to characterize because the degree of arterial 

stiffness is partially dependent on distending pressure.  As blood pressure increases, the 

strain is gradually transferred from elastin to the stiffer, collagen fibers and arterial 

stiffness increases.  However, studies in which arterial stiffness was measured under 

isobaric conditions reveal that arterial stiffness in hypertensive subjects is not completely 

explained by distending pressure (Lichtenstein, 1998, Bussy et al., 2000).  In the 

Atherosclerosis Risk in Communities study, the relation between arterial stiffness and the 

development of hypertension was examined prospectively in almost 7000 normotensive 

men and women between the ages of 45-64 years of age (Liao et al. 1999).  Several 
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indices of arterial stiffness were calculated from carotid artery diameter (B-mode 

ultrasound) and brachial blood pressure.  On follow-up at 3.3 years, those who developed 

hypertension were found to have had significantly greater baseline arterial stiffness than 

those who remained normotensive.  Even when the arterial stiffness indices were adjusted 

for multiple correlates of hypertension, a graded relation between quartiles of arterial 

stiffness and incidence rates of hypertension remained significant.  Over a 6 year period, 

the rate of progression of aortic stiffness, as measured by carotid-femoral PWV, was 

greater in hypertensive subjects than in normotensive subjects (Benetos et. al. 2002).  In 

fact, only when BP was well-controlled in the treated hypertensive subjects did the rate of 

progression in PWV become similar to that of normotensive subjects.   

Left ventricular hypertrophy 

 The relation between hypertension and left ventricular hypertrophy (LVH) is well 

established.  The association between hypertension and LVH may be mediated, in part, 

by arterial stiffness.  Increased central arterial stiffness could more accurately reflect left 

ventricular afterload than brachial blood pressure.  In support of this idea, left ventricular 

mass index has been found to be significantly greater in normotensive subjects with 

positive augmentation index values compared to those with negative values (Saba et al. 

1993).  Even after controlling for gender, age and blood pressure, the difference remained 

significant.  This suggests an independent effect of arterial stiffness on left ventricular 

hypertrophy (Saba et al. 1993).  Direct measures of arterial compliance corroborated 

these findings (Roman et al. 2000).  However when arterial stiffness was calculated using 

the β-stiffness index, a measure which is less biased by arterial blood pressure, no 
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relation was found between arterial stiffness and left ventricular mass index (Roman et al. 

2000).  In the same study, the authors reported a small, but significant progressive 

increase in left ventricle relative wall thickness when subjects were subdivided into 

tertiles of β-stiffness index.  The equivocal nature of these findings underscores the 

difficulty in teasing out the effects of elevated blood pressure and arterial stiffness on left 

ventricle remodeling using a cross-sectional study design.  

Cardiovagal baroreceptor sensitivity 

 Cardiovagal baroreceptor sensitivity (BRS) has been shown to be an important 

predictor of post-myocardial infarction survival because it indicates the autonomic 

balance between vagal and sympathetic activity (Billman et al. 1982, La Rovere et al. 

2002) Arterial baroreceptors are located in the walls of the carotid and aortic arteries, 

both elastic arteries which experience age-related increases in intima-media thickness and 

loss of arterial compliance.  A reduction in compliance of these arteries could dampen the 

signal transduction capacity of the baroreceptors thereby reducing cardiovagal BRS. 

(Monahan et al. 2001, Rowe 1987).  Indeed, when cardiovagal BRS was correlated with 

carotid arterial compliance in a group of 47 healthy men, 19-76 years of age, a strong, 

positive linear relation (r = 0.71) was found (Monahan et al. 2001).  Even when the 

influence of age was removed via partial correlation analysis, the linear relation between 

cardiovagal BRS and arterial compliance remained fairly strong.  These data suggest that 

the age-related decrease in BRS is due, in part, to a reduction in arterial compliance. 
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Aerobic Exercise and Arterial Stiffness 
 

In cross-sectional studies, endurance-trained middle-aged and older individuals 

have been shown to have lower measures of central arterial stiffness than their sedentary 

peers (Tanaka et al. 2000, Vaitkevicius et al. 1993).  The attenuated age-related increase 

in arterial stiffness in physically active older adults is seen in both men and women and 

appears to occur with a relatively short (~13 weeks), moderate-intensity, aerobic exercise 

program (Moreau et al. 2003, Tanaka et al. 1998a, Tanaka et al. 2000).   The decrease in 

arterial stiffness occurs despite the lack of improvement in maximal oxygen consumption 

or favorable changes in body composition and metabolic risk factors for atherosclerosis 

(Tanaka, 1998; Tanaka, 2000). 

Resistance Exercise and Arterial Stiffness 

Cross-sectional studies 

The effect of strength training on arterial stiffness is not as favorable as that of 

aerobic exercise (Bertovic et al. 1999, Miyachi et al. 2003).  In the first study examining 

the relation between strength training and arterial stiffness, 19 male, strength trained 

athletes performing regular weight training at least 3 times/week for the past 12 months 

and 19 age-matched sedentary controls underwent testing for peripheral and central 

arterial stiffness (Bertovic et al. 1999).  The strength-trained men were found to have 

greater regional aortic stiffness and leg PWV than the sedentary controls.  The 

differences in arterial stiffness could not be explained by differences in plasma 

testosterone, lipid or lipoprotein concentrations, nor could it be attributed to differences 

in mean arterial blood pressure (Bertovic et al. 1999).  Interestingly, carotid-femoral 
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PWV was not significantly increased in the strength trained men but carotid pulse 

pressure was.  It was hypothesized that strength training may exert a greater impact on 

the proximal aorta, rather than the entire aortic length (Bertovic et al. 1999).   

In another cross-sectional study, no significant difference was found between 

young sedentary and resistance trained men with regard to carotid arterial compliance but 

a significant decrease was seen in middle-aged strength trained men when compared with 

sedentary young and middle-aged men (Miyachi et al. 2003).  Carotid AI was also 

significantly increased in the strength trained middle-aged men.  Contrary to the study by 

Bertovic et al. (1999), no increase in peripheral arterial stiffness (arm PWV and femoral 

compliance) was evident in the young or middle-aged strength trained men.   

Intervention studies 

In a follow up to the previous study, young men were randomized into a three day 

per week resistance training program for four months and detrained for a subsequent four 

months (Miyachi et al. 2004).  Carotid arterial compliance decreased 19% following 

strength training and returned to baseline at the end of the detraining period.  Carotid AI 

and femoral artery compliance remained unchanged throughout the study (Miyachi et al. 

2004). 

The only study to address the effects of strength training in young women found 

an increase in both central PWV and carotid AI but no change in peripheral PWV 

(Cortez-Cooper et al. 2005).  These changes were observed despite a decrease in percent 

body fat and stable plasma lipid/lipoprotein concentrations and other cardiovascular risk 

factors suggesting an independent effect of strength training.  Because the increase in 
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central arterial stiffness occurred with 11 weeks of strength training, it was thought that 

functional, rather than structural changes, were most likely responsible for central arterial 

stiffening.   

Thus, unlike aerobic exercise, regular strength training appears to accentuate 

central arterial stiffness as measured by direct methods.  The effect of strength training on 

wave reflection, central PWV and peripheral arterial compliance is less clear.  None of 

the current studies reviewed were designed to address the mechanisms responsible for the 

decrease in arterial compliance but speculative causes given by the authors are addressed 

in the following section.  

Potential Mechanisms Contributing to Increased Arterial Stiffness with Strength 

Training  

Increased arterial distending pressure 

Increased distending pressures have been shown to stimulate smooth muscle 

hypertrophy and synthesis of extracellular proteins in the arterial wall (Dobrin 1995, 

Leung et al. 1976).  In support of this hypothesis, carotid intima-media thickness (IMT) 

was significantly greater in middle-aged strength trained men compared with their 

sedentary peers.  However, no increase in carotid intima-media thickness or relative wall 

thickness was observed in the young men who performed four months of resistance 

training (Miyachi et al. 2004).  The authors speculated that the reduction in central 

arterial compliance could be attributed to qualitative changes in the arterial wall or 

impaired endothelial function. 
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Impaired endothelial function 

There is only one study addressing the effect of strength training on endothelial 

function (Rakobowchuk et al. 2005).  Rakobowchuk et al. (2005) measured flow 

mediated dilation in the brachial arteries of young men before and after 12 weeks of 

whole-body resistance training performed 5 days per week.  Strength training had no 

effect on flow mediated dilation.  Eight weeks of strength training has been shown to 

decrease basal plasma endothelin-1 concentrations in young men which could be loosely 

interpreted as a favorable change in endothelium function (Maeda et al. 2004).  Based on 

these two studies, the decrease in arterial compliance following strength training in young 

men does not appear to be attributed to impaired endothelium function. 

Increased sympathetic nervous system activity 

 It is possible that increased sympathetic adrenergic tone following strength 

training could increase central arterial stiffening by increasing vasoconstrictor tone of the 

vascular smooth muscle but this is not likely.  First, eight weeks of whole-body strength 

training and 5 weeks of isometric handgrip training had no effect on muscle sympathetic 

nerve activity (MSNA) (Carter et al. 2003, Ray and Carrasco 2000).  Second, 

sympathectomy has shown that the sympathetic nervous system (SNS) exerts a greater 

tonic restraint on femoral artery distensibility than carotid artery distensibility (Mangoni 

et al. 1997).  Third, strength training is associated with a decrease in central arterial 

compliance and appears to have no effect on peripheral compliance (Miyachi et al. 2003, 

Miyachi et al. 2004).  If strength training did increase SNS activity, compliance of the 

femoral artery should be decreased to a greater extent than carotid compliance.  As this is 
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not the case, a mechanism other than increased SNS activity appears to be responsible for 

the reduction in central arterial compliance seen with strength training. 

 In summary, strength training increases central arterial stiffness in both young 

men and women and does not appear to affect the peripheral, muscular arteries.  The 

cause or causes for the increase in arterial stiffness are unknown.  Furthermore, it is not 

known what effect strength training might have in older adults with age-related central 

arterial stiffness.  
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CHAPTER 7 

 

Expanded Methods 

 

Basic Experimental Design 

Subject Recruitment 

Healthy men and women aged 40-80 years of all races and ethnic backgrounds 

were recruited via newspaper, email, and television advertisement to participate in the 

study.   Over 300 potential subjects were screened by email and/or telephone to ensure 

candidates satisfied the basic criteria of the study.  Subjects who appeared to satisfy these 

criteria (n = 49) were scheduled to undergo laboratory screening for hypertension, overt 

coronary heart disease, diabetes mellitus, dyslipidemia and obesity during the initial visit.  

The inclusion criteria for the study were as follows 

• 40-80 years of age 

• Not receiving hormone replacement therapy currently or in the past 12 

months 

• Non-smoker (stopped smoking for past 6 months) 

• Sedentary (less than 20 min of aerobic exercise ≤2 times/week) 

• No history of heart disease 

• Not taking cardiovascular-acting medications (diuretics included) 

• Not taking anabolic steroids or growth hormone 

• Not taking cholesterol lowering medications 
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• Seated brachial blood pressure <140 mmHg systolic, <90 mmHg diastolic 

• Total cholesterol <6.2 mmol/l; LDL cholesterol <4.1 mmol/l 

• Non-diabetic (fasting plasma glucose <7.0 mmol/l and <11.1 mmol at 120 

min after an oral 75 g glucose load  

• Body mass index <30 kg/m2 

• No joint or muscle problems that would limit the ability to partake in the 

exercise interventions 

Subject Screening Day 1 

During the initial visit, the design and potential risks of the study were explained 

and written informed consent to participate in the study was obtained.  After filling out a 

medical history questionnaire, subjects underwent screening for 1) fasting and glucose 

stimulated plasma glucose concentrations 2) fasting plasma lipid and lipoprotein 

concentrations, 3) seated brachial blood pressure and 4) height and weight measurement 

for body mass index.  Echocardiographic measurements and body composition testing 

were also performed on the first visit.  Thirty-two of the 49 subjects passed the initial 

screen and were scheduled for measurements of arterial stiffness, a 12-lead ECG at rest 

and during a treadmill exercise stress test. 

Subject Screen, Day 2 

 All subjects underwent testing for arterial stiffness followed by a 12-lead ECG at 

rest and a treadmill stress test.  When subjects were identified as being at moderate risk 

(ACSM, 2000) for untoward events during vigorous exercise, they received a physical 

examination prior to a physician supervised stress test.  Twenty-three of the 49 subjects 
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were cleared to undergo the baseline cardiovascular testing described under “specific 

experimental procedures.”  One subject was found to have significant plaque formation in 

the left carotid artery and was disqualified from the study.  One subject withdrew from 

the study due to a work schedule conflict.    

 Following baseline testing, 21 subjects were randomized into a strength training 

or stretching intervention group.  On subject withdrew from the strength training group 

due to a spouse’s ill health.  

Specific Experimental Procedures 

Rest and Incremental Exercise with Diagnostic ECG 

 Subjects performed a modified Balke treadmill walking protocol which involved 

walking at a constant speed with grade increasing 2% every two minutes.  The ECG was 

monitored continuously and blood pressure (conventional sphygmomanometry) and 

ratings of perceived exertion (Borg RPE scale) were recorded at the end of each stage.  

Exercise continued until either subject exhaustion or changes in the ECG or blood 

pressure response suggestive of coronary heart disease, indicated that the test should be 

terminated immediately.  Subjects were referred to their personal physician for follow-up.   

A defibrillator and crash cart were available in the exercise laboratory and two 

investigators certified for Advanced Cardiopulmonary Life Support assisted with or 

performed the stress test.  

Maximal Oxygen Consumption  

All subjects underwent maximal oxygen consumption (VO2max) testing 

approximately 1 week into their respective exercise intervention.  VO2max was determined 
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via indirect calorimetry during a modified Balke incremental treadmill exercise protocol.  

During exercise, inspired air volume was measured with a pneumatach (Hans Rudolph, 

Kansas City, MO), calibrated with a 3 liter syringe.  Expired air was analyzed for O2 and 

CO2 concentrations for breath by breath calculation of VO2 and VCO2 with a Max-1 

metabolic cart (Physio-dyne, Farmingdale, NY).  The initial treadmill speed selected for 

the test was based on the subject’s comfortable but brisk walking pace and heart rate 

response (~70% predicted HRmax) determined during warm-up.  The treadmill protocol 

used during the stress test was repeated for VO2max testing.  Exercise continued until 

subject exhaustion. 

Carotid Augmentation Index (AI), Pulse Wave Velocity (PWV) and Ankle  

Blood Pressure (BP) 

Measures of wave reflection (carotid AI), arterial stiffness (PWV) and ankle BP 

were measured in triplicate with the subject in the supine position in a quiet, dimly lit, 

temperature controlled room using an automatic medical device (VP-2000; Colin Medical 

Instruments, San Antonio, TX).  The automatic device simultaneously measured 

electrocardiograms (ECG), phonocardiograms (PCG), bilateral brachial and ankle blood 

pressures (BP) and carotid and femoral arterial pulse waves.  ECG electrodes were placed 

on the left and right wrists and a small microphone was placed at the 4th rib space on the 

left side of the chest for the measurement of ECG heart rate and PCG.   Blood pressure 

cuffs with internal pressure sensors were placed around both upper arms and ankles for 

the measurement of arterial BP by the modified oscillometric method.  Tonometers, 

incorporating an array of 15 micropiezoresistive transducers, were placed over the right 
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carotid and femoral arteries to obtain carotid and femoral pulse waves via applanation 

tonometry.  Advanced multiplexing electronics combined with automatic sensor selection 

relative to the target artery facilitated optimal placement of the sensors.  The femoral 

tonometer sensor was secured with a Velcro strap encircling both hips and the carotid 

sensor was held in place by a plastic collar attachment which also served to apply a 

constant hold-down pressure.   

The carotid pressure wave form consists of a forward moving “incident” pressure 

wave generated from the left ventricle and a “reflected” pressure wave returning from a 

peripheral site.  The reflected wave is superimposed on the incident wave either in late 

systole (common pattern of wave reflection in the elderly) or during diastole 

(characteristic pattern in the young).  When wave reflection occurs during late systole, 

systolic pressure is increased (augmented) and the pressure wave has a “shoulder”.  

Carotid AI was automatically calculated by the Colin VP-2000 as the ratio of the 

amplitude of the pressure wave above its systolic shoulder to the total pulse pressure.   

Pulse wave velocity was determined in a central (carotid-femoral PWV) and 

peripheral arterial segment (femoral-ankle PWV).  Because PWV is a measure of the 

speed at which the pressure wave travels, time and distance is used in its calculation.  For 

carotid-femoral PWV, the distance between the carotid and femoral pulses was divided 

by the time delay between the “foot” (the start of the sharp systolic upstroke) of the 

carotid and femoral pressure waves.  The distance between carotid and femoral arteries 

was measured as a straight surface distance between the carotid and femoral tonometer 

placement sites using a random zero method.  A minimum of two distance measurements 
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were taken and if values varied from each other by more than 1.0 cm, additional 

measurements were taken.  For femoral-ankle PWV, femoral-ankle distance was 

automatically calculated by the VP2000 based on the subject’s height.  During the 

measurement of femoral-ankle PWV, ankle BP cuffs were inflated at a low pressure to 

obtain posterior tibial artery BP waveforms, from which the machine calculated the 

transit time between the femoral artery site (tonometer) and ankle site.  Ankle BP was 

measured using the oscillometric technique over the posterior tibial artery. 

Central Arterial Compliance 

The combination of ultrasound imaging of the common carotid artery (arterial 

diameter) with simultaneous applanation of tonometrically obtained arterial pressure 

from the contralateral artery permits noninvasive determination of arterial compliance.    

Central arterial compliance is calculated as, [ (D1 – D0)/D0]/ [2(P1 – P0)] x π x D02, 

where D1 and D0 are the maximal and minimum diameters, and P1 and P0 are the 

highest and lowest blood pressure values.  The equation for β-stiffness index, 

ln(P1/P0)]/[(D1 – D0)/D0], minimizes the influence of distending pressure on arterial 

compliance by taking the natural logirhythm of systolic and diastolic blood pressure.      

Carotid Artery Ultrasonography 

Common carotid artery diameter was measured from the images derived from an 

ultrasound machine (HDI-5000 CV, Philips Medical, Bothel, WA) equipped with a multi-

frequency probe.  A longitudinal image of the cephalic portion of the common carotid 

artery was acquired 1-2 cm distal to the carotid bulb with the transducer placed at 90° to 

the vessel so that near and far wall interfaces were clearly discernible.  These images 
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were recorded directly onto the hard drive of the ultrasound machine as well as on a super 

VHS videotape recorder (for back up) for later off-line analysis.  The artery images were 

transferred to an external computer with digital viewing software (Access Point 2000, 

Freeland, Westfield, IN).  Time points that correspond with systolic expansion of the 

carotid artery (within 60 ms of the ECG T-wave) and basal diastolic relaxation 

(concurrent with the onset of the ECG R-wave) were selected for the measurement of 

end-systolic and end-diastolic diameters.  The diameter of the vessel was measured as the 

distance between the intima-lumen border of the far wall and the media-adventitia border 

of the near wall.  The media-adventitia border of the near wall was used rather than the 

intima-lumen border because the latter was not always clearly visible.  Arterial diameter 

was measured to the nearest 0.001 mm and approximately 10 images were analyzed per 

subject.  To minimize diameter measurement variability between pre and post-testing, the 

exact distance from the carotid bulb was recorded and used for all subsequent 

measurements.  The order of measurement (pre vs. post) was randomized.    

Carotid Artery Pressure   

The pressure waveform and amplitude was obtained from the common carotid artery 

with a pencil-type probe incorporating a high-fidelity strain-gauge transducer (SPT 301, 

Millar Instruments, Houston, TX), using a technique known as applanation tonometry.  

The principle of applanation tonometry is based on the idea that if a curved surface of a 

pressure containing structure can be flattened (applanated), then the circumferential 

stresses in the wall of the structure become balanced and the pressure measured by the 

sensor is intra-arterial pressure (Mackay et al. 1960).  The type of tonometer used in this 
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study has been validated with intra-arterially recorded waveforms (Kelly R 1989).  

Applanation of the carotid artery was accomplished by locating a point of maximal 

pulsation and applying increasing pressure on the artery with the probe until a consistent 

waveform was seen.  Because the measurement of carotid systolic blood pressure is 

influenced by the amount of pressure exerted on the artery during applanation, the 

pressure signal was calibrated by equating the carotid mean arterial and diastolic blood 

pressure to the brachial artery value obtained by an oscillometric blood pressure monitor 

(Pilot, Colin Medical, San Antonio, TX).  Calibration of carotid systolic blood pressure 

can be performed in this manner because mean arterial blood pressure and diastolic blood 

pressure are considered to be constant throughout the arterial tree.  A sample calculation 

and explanation is shown below: 

Blood Pressure Brachial Carotid 
(tonometer) 

Difference 
of mean BP 

Carotid Systolic BP adjusted 
to brachial mean BP 

Systolic 126 128  128+2=130 
Mean 91 89 91-89=2 91 
Diastolic 71 65  65+2=67 
 

What is known: 

The interval between brachial mean and diastolic BP is 91-71= 20 mmHg 

The interval between carotid mean and diastolic BP is 91-67= 24 mmHg 

The interval between carotid mean and systolic BP is 130-91=39 mmHg 

 

If mean and diastolic blood pressures are the same across the arterial tree, 

then the intervals between the two should also be equal.  But what we 

have is 20 mmHg (brachial) and 24 mmHg (carotid).  In order to get the 
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intervals the same, we need to multiply the carotid diastolic interval by 

(20/24).  We use the same ratio, 20/24 to adjust carotid mean to systolic 

BP interval: 

20/24 * 39 = 32.5 

By adding this interval to carotid mean blood pressure, carotid systolic 

blood pressure can be determined. 

91 + 32.5= 123.5 or 124 mmHg (adjusted carotid systolic blood pressure) 

 

Pressure waveforms were recorded on a computer for off-line analysis with signal 

processing software (Dataq Instruments, Akron, OH).  A minimum of 10 pressure 

waveforms were analyzed for each subject per testing period. 

Left Ventricular Stiffness and Function   

For all echocardiographic measurements, the subject was positioned in left 

sidelying.  Two-dimensional guided M-mode echocardiograpy was used to measure left 

ventricular posterior and septal wall thickness as well as left ventricular internal diameter 

in systole and diastole according to the American Society of Echocardiography (Sahn et 

al. 1978).  Briefly, the transducer was positioned approximately 1-3 cm lateral to the 

sternum at the 3rd or 4th left intercostal space to visualize the mitral valve.  The transducer 

was then angled inferiorly to obtain views of both sides of the septal wall and posterior 

wall.   This view was used to measure LV chamber diameter, wall thickness, and relative 

wall thickness.  Stroke volume was also estimated from M-mode and cardiac output was 

calculated as the product of stroke volume and heart rate.    LV mass was estimated from 
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standard equations programmed into the ultrasound machine.  Fractional shortening (FS) 

was calculated from the formula, FS = [(LVEDD-LVESD)/LVEDD] x 100, where 

LVEDD is end-diastolic and LVESD is end-systolic diameter.    Early and late 

transmitral diastolic peak flow velocities were determined at the apex of mitral valve 

excursion in a four chamber view of the heart using Doppler echocardiography.  The 

transducer was positioned between the anterior axillary line and midaxillary line at the 

level of the 4th intercostals space.  The ratio of early to late peak flow velocity was used 

as a measure of LV diastolic function.  At least five cardiac cycles were used for data 

analysis. 

Cardiovagal Baroreflex Sensitivity (BRS)   

Cardiovagal BRS was assessed using the Valsalva maneuver as described by 

Monahan et al. (2000).  After 15 minutes of seated rest, the subject took a deep breath 

and expired forcefully into a one inch respiratory tube to achieve 40 mmHg of expiratory 

mouth pressure for 10 seconds.  The respiratory tube was connected to a pressure 

transducer (Becton-Dickinson, Franklin Lakes, NJ) interfaced with a computer and 

calibrated to a mercury manometer.  Measurements of expiratory mouth pressure, ECG 

(R-R interval) and beat-to-beat arterial blood pressure (Pilot, Colin Medical, San 

Antonio, TX) were recorded continuously 15 s before, during, and 45 s after the Valsalva 

maneuver.  All measurements were stored after analog-to-digital conversion at 500 Hz 

(WinDaq Waveform Browser Software 2000, Dataq Instruments, Akron, OH) for later 

off-line analysis.  Immediately after the Valsalva maneuver, subjects were restricted from 

talking, laughing, coughing or deep breathing.  Subjects performed a minimum of 3 trials 
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separated by 5 minutes of rest.  Prior to testing, subjects had several practice sessions to 

make sure they could achieve and sustain the necessary 40 mmHg expiratory mouth 

pressure.   

Cardiovagal BRS was assessed during phase IV (overshoot phase) of the Valsalva 

maneuver, which occurs shortly after release of strain.  Cardiovagal BRS was determined 

according to Palmero et al. (1981).  Briefly, consecutive systolic blood pressure values 

during phase IV of the Valsalva maneuver were linearly regressed against corresponding 

(lag 1) R-R intervals from the time point where R-R intervals begin to lengthen and 

continued to the point of maximal systolic BP elevation.  The slope of this relation was 

used as a measure of cardiovagal BRS if the linear regression coefficient exceeded r = 

0.80 and if systolic BP values overshot baseline values by > 15mmHg.  Using these 

criteria, the agreement between this technique and the “Oxford technique” is maximized 

(Palmero et al. 1981).  The average of the slopes from two repeated trials was used to 

reduce variability associated with baroreflex testing.    
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