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ABSTRACT 

Purpose: Evidence has accumulated to show that blood pressure variability (BPV) has a 

striking relationship with cardiovascular (CV) risk. Despite the mounting evidence 

implicating BPV as a CV risk factor, scant attention has been paid to: (1) the mechanisms 

by which high BPV confers greater CV risk; and (2) the efficacy of non-pharmacologic 

treatment modalities in the attenuation of BPV. In order to address these two unresolved 

questions, the purpose of this dissertation was twofold. The purpose of study #1 was to 

investigate the association between measures of short-term BPV (24-hour BPV) and 

long-term BPV (visit-to-visit BPV) with markers of endothelial health in a cohort of 

African Americans in order to determine if increased BPV may confer greater CV risk by 

eliciting injury to the endothelium. The purpose of study #2 was to investigate the effects 

of a 6-month aerobic exercise training (AEXT) intervention on visit-to-visit BPV and 24-

hour BPV in the same cohort of African Americans in order to provide the first available 

data on the efficacy of a non-pharmacologic treatment modality in the lowering of BPV. 

Methods: We recruited 72 African Americans who were sedentary, non-diabetic, non-

smoking, and free of CV and renal disease. Before and after a 6-month AEXT 

intervention, office blood pressure (BP) was measured at 3 separate visits and 24-hour 

ambulatory BP monitoring (ABPM) was conducted to measure visit-to-visit BPV and 24-

hour BPV, respectively. Right brachial artery diameter was assessed at rest, during flow-

mediated dilation (FMD), and after nitroglycerin-mediated dilation (NMD). Peak and 

area under the curve (AUC) were calculated as measures of FMD and NMD, and the 

FMD/NMD ratio was calculated as a measure of endothelial function normalized by 

smooth muscle function. Fasted blood samples were obtained and were analyzed for 
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circulating EMPs expressed as CD31+CD42−  and CD62E+ EMPs. Results: In study #1, 

participants with higher 24-hour diastolic BPV (DBPV) had significantly lower 

CD31+CD42−  EMPs compared to participants with lower 24-hour DBPV. When 

categorized according to visit-to-visit DBPV, participants with higher visit-to-visit DBPV 

had a significantly lower FMD/NMD ratio, and significantly higher %NMDpeak and 

NMDAUC compared to participants with lower visit-to-visit DBPV. When analyzed as 

continuous variables, 24-hour mean arterial pressure variability (MAPV) was inversely 

associated with CD62+  EMPs; visit-to-visit DBPV was inversely associated with the 

FMD/NMD ratio and positively associated with %NMDpeak and NMDAUC; and 24-hour 

DBPV was positively associated with NMDAUC. All associations were independent of 

age, gender, BMI, mean BP, and pulse pressure. In study #2 investigating the effects of 

AEXT in 33 participants who completed the study, 24-hour DBPV and 24-hour MAPV 

were significantly increased after AEXT. The increase in 24-hour DBPV was 

independent of changes in BMI, mean BP, and self-reported sleep time. Heart rate 

variability (HRV) derived from ABPM was associated with the changes in 24-hour 

DBPV and 24-hour MAPV. There were no significant changes in visit-to-visit BPV after 

AEXT. Conclusions: The results from study #1 provide evidence that BPV is associated 

with vascular health as endothelial function was decreased in participants with high visit-

to-visit DBPV, while smooth muscle function was increased in participants with higher 

visit-to-visit and 24-hour DBPV. The findings from study #2 show that 6-months of 

AEXT do not elicit beneficial changes in BPV. The finding of an association between 

changes in 24-hour BPV with HRV could indicate, however, that changes in activity 

levels during ABPM, in part, contributed to the observed changes in 24-hour BPV. 
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CHAPTER 1 

REVIEW OF LITERATURE 

Introduction 

 Blood pressure (BP) continuously fluctuates over time as a result of a complex 

intrinsic-extrinsic interaction between the internal cardiovascular control mechanisms 

that regulate BP levels and the constantly changing stimuli and stressors in the external 

environment. The occurrence of these fluctuations in BP, termed blood pressure 

variability (BPV), was first described at the beginning of the 18th century by English 

physiologist Stephen Hales1, but the assessment of BPV in the clinical setting was not 

made possible until the end of the 19th century following the invention of the mercury 

sphygmomanometer by the Italian scientist Scipione Riva-Rocci2. It soon became 

common knowledge that if office/clinic BP measurements were recorded more than once 

on the same person, that results would differ3, 4. However, these fluctuations in BP were 

generally regarded as “background noise” that needed to be controlled for in order to 

increase the precision and accuracy of BP assessment.  

This notion that BPV is “background noise” that should be ignored or eliminated 

to accurately assess a patient’s BP was first perpetuated by Riva-Rocci who wrote in his 

article on BP measurement by sphygomomanometry in 1897 the following5:  

“BP is acted upon, in a temporary but pronounced fashion, by the state of 
'psychic' excitation of the patient. It is enough that the patient is spoken to, that he 
is invited to read, that he is even looked at suddenly, or that a sudden and even far 
noise strikes him (e.g., a carriage passing by in the outside street) that his BP 
raises, and not at all to the same extent in all patients. This emotional reaction 
may be useful in psychiatry, but in other disciplines these BP rises represent an 
inconvenience, and it is therefore necessary for the patient to be put in an 
environment as quiet as possible. . . . Furthermore, because even the application 
of the instrument causes a temporary BP rise, it is necessary to take not only one 
but several consecutive BPs spaced by 3- or 5-minute intervals until a constant 
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value is measured. This value, however, is not always the minimal value.... It 
should not be necessary to add that it will not be proper to compare data unless 
obtained in identical conditions or environment, position, time of day, distance 
from meals, wakefulness, etc.”  

 Thus, knowledge that our environment, lifestyle, and emotional reactions to 

external stressors can cause pronounced variations in BP goes back to almost the time 

that BP was first measured in a simple fashion. However, it was not until 1965 that the 

first study aimed at quantifying the variability in BP was undertaken. In this study, ten 

subjects had their BP taken in the same room within the same temperature range on 20 

different occasions over a 6-week period by one highly trained nurse. It was found that 

between-visit BP variations were highly significant and varied on average between 4-6 

mmHg and varied as large as 25-30 mmHg6. From this finding and a subsequent finding 

by the same group of investigators which showed that BP varied from visit-to-visit on 

average 7 to 9 mmHg in a cohort of 722 working men7, BPV was considered to be a 

confounding factor in the diagnosis, treatment, and prognosis of hypertension as Riva-

Rocci had first proposed. Stemming from these early studies, many of the national and 

international guidelines for the assessment and detection of hypertension were formed in 

which BP measurements are required to be taken on multiple occasions to confirm a 

hypertension diagnosis. Moreover, standardized protocols for BP measurements were 

aimed at obtaining “stable” or “basal” BP measures, as little value was given to BPV as a 

clinical indice.  

 Also in the 1960s, the development of portable BP monitoring devices 

represented a further step forward in the assessment of BPV, as it permitted the non-

invasive measurement of BP over or within a 24-hour period while a person is in their 

everyday environment. The first published study using a semi-automated portable BP 
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device termed the “portometer” measured BP over an 8 to 11-hour period in three 

different subjects and found that BP varied on average 15 mmHg and 12 mmHg for 

systolic BP (SBP) and diastolic BP (DBP), respectively, from measurement-to-

measurement over the 8 to11-hour period8. To further confirm their preliminary findings 

regarding BPV, Kain et al. obtained BP measures at 30-minute intervals over a 12-hour 

period on 2 to 3 separate sessions using the portometer in a group of 62 hypertensive 

subjects. They reported that BP varied on average 14 mmHg and 9 mmHg for SBP and 

DBP, respectively, from measurement-to-measurement over a 12-hour period. Moreover, 

they showed that BP, even within a 12-hour period, had an wide spanning average range 

of 63 mmHg for SBP and 42 mmHg for DBP9. From these findings, the authors called for 

further investigations in order to better understand BPV and how environmental and 

psychological factors affect BP levels. However, because of the limited availability of the 

portometer and other continuous monitoring devices at that time, including the intra-

arterial Oxford System, and given the continued perception of BPV as “background 

noise”, studies investigating BPV were scarce. 

More recently, with improved technical progress on portable BP monitoring 

devices, non-invasive ambulatory BP monitoring (ABPM) based on automated 

oscillometric arm-cuff BP readings was introduced in the mid-1980’s. With the 

subsequent establishment of manufactures who develop and market ABPM devices, 

ABPM is now widely used in clinical practice to identify a number of conditions 

including white-coat hypertension, masked hypertension, and non-dipping. Typical 

ABPM sessions record BP measures automatically every 15 to 30 minutes over a 24-hour 

period and thereby provide a total number of readings between 40 and 100 in one session. 
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Thus, the introduction of ABPM has permitted the ability to assess the prognostic 

significance of BPV over a 24-hour period; and its widespread use has allowed 

investigators to do so on a far larger scale than earlier studies published in the 1960’s and 

70’s. As a result, in the last 20 years evidence has accumulated to show that BPV over a 

24-hour period has a striking relationship with cardiovascular risk and is predictive of 

future cardiovascular events, independent of mean BP levels, in both the general 

population and in clinical populations10-12. In addition, because of the increased 

recognition of the potential prognostic and clinical significance of 24-hour BPV, several 

studies in 2010 and 2011 have also investigated the prognostic and clinical significance 

of the variability of BP from visit-to-visit in the office or clinic over days, weeks, and 

months; and have shown that visit-to-visit BPV is also associated with cardiovascular 

morbidity and mortality, independent of mean BP levels13, 14. Consequently, the 

accumulation of evidence for the prognostic value of BPV from visit-to-visit and over a 

24-hour period has grown considerably to the point that within-subject BPV is no longer 

dismissed as mere “background noise”, but instead is now being targeted for 

antihypertensive treatment and has become an important endpoint in clinical trials15. 

 Despite the mounting evidence and growing interest in visit-to-visit and 24-hour 

BPV, there still remain several unresolved questions. First, scant attention has been paid 

to the mechanisms by which high BPV may confer a greater cardiovascular risk. Studies 

investigating potential mechanisms appear to be warranted as they could provide 

direction for the development of medical intervention. Second, scant attention has also 

been paid to the ability of treatment modalities to attenuate BPV.  As more and more data 

accumulates to suggest that transient BP fluctuations might have clinical and prognostic 
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relevance by predicting organ damage and cardiovascular events over and above the 

contribution provided by mean BP, the question as to the efficacy of treatment modalities 

in reducing BPV may have increasing clinical importance. In order to further advance our 

understanding of BPV, the current study aimed to, in part, address these two unresolved 

questions. Specifically, our first study aimed to evaluate the association between BPV 

and endothelial health, as our working hypothesis is that the augmented mechanical stress 

placed on the vasculature as a result of increased BPV could lead to injury of the 

endothelium and impairment of endothelial function, and thereby confer greater 

cardiovascular risk. Our second study aimed to investigate the effects of a 6-month 

aerobic exercise training (AEXT) intervention on BPV, thereby providing the first 

available data on the efficacy of a non-pharmacologic treatment modality in the lowering 

of BPV. 

 

Blood Pressure Variability 

 BPV has emerged as a clinical indice that may have pathophysiological relevance, 

but the complex nature by which BP fluctuates continuously has made its careful 

assessment in clinical settings challenging. As shown in Figure 116, several systems are 

involved in the regulation of BP at different time intervals. BP is physiologically 

controlled by several systems based on neural receptors (e.g. baroreceptors and 

chemoreceptors) and the central nervous system ischemic response which can both easily 

shift BP levels within a matter of seconds. In addition, the capillary fluid shift mechanism 

and several hormonal systems, including the renin-angiontensin system and sympathetic 

nervous system, modulate BP within minutes. Finally, the kidney-fluid volume system 
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affects BP within a period of hours or days. When also keeping in mind that the external 

stimuli and stressors that elicit changes in BP can act on BP in a matter of seconds (e.g. 

change in body position), minutes (e.g. mental stress) or hours (e.g. dietary intake); the 

determination of how frequently to measure BP to quantify BPV is difficult to determine. 

Ideally, BP should be measured continuously from beat-to-beat for a period of several 

days to even several weeks to capture short-, moderate-, and long-term fluctuations in 

BP. However, issues of practicality, compliance, and an experimental effect bring into 

question such frequent sampling intervals17.  

Nonetheless, a previous study by Frattola et al. assessed the prognostic 

significance of beat-to-beat BPV over a 24-hour period in a cohort of 73 patients with 

essential hypertension and showed that BPV is associated with the development of 

hypertension-related target organ damage (TOD) after a mean follow-up of 7.4 years18. 

But, considering that BP was measured intra-arterially using the Oxford system during 

hospitalization, many of the transient environmental stressors that would elicit changes in 

BP were eliminated. Thus, though there findings were still provocative, the controlled 

environment in which BP measures were obtained limits the clinical implications of their 

study findings. In lieu of such frequent sampling intervals, the general consensus for the 

assessment of BPV has been to investigate short-term BP fluctuations using non-invasive 

ABPM over a 24-hour period and long-term BP changes using office/clinic BP 

measurements obtained at multiple visits over a period of days, weeks, and months. 

Interestingly, though ambulatory BPV and visit-to-visit BPV represent separate indices of 

short-term and long-term BPV, respectively, data published to date has shown that both 
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indices similarly are associated with cardiovascular risk and are predictive of 

cardiovascular and all-cause mortality.  

 

 

Prognostic Significance of Ambulatory BPV 

The first longitudinal data linking ambulatory BPV to cardiovascular morbidity or 

mortality came from the Progetto Ipertensione Umbria Monitoraggio Ambulatoriale 

(PIUMA) study, a prospective observational study of 1,372 individuals with initially 

untreated essential hypertension whose off-therapy diagnostic work up included 24-hour 

ABPM set at a sampling interval of every 15 minutes. After an average follow-up of 2.9 

Okumara & Cheng, 2012

Figure 1: Blood Pressure Control Mechanisms. Degree of 
activation, expressed in terms of feedback gain at the optimal 
pressure, of different pressure control mechanisms after a 
sudden change in arterial pressure.
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years, individuals categorized as having high (e.g. above mean) daytime systolic BPV 

(SBPV) or nighttime SBPV had a significantly greater incidence of major cardiovascular 

morbid events when compared to individuals categorized as having low SBPV. However, 

this relationship did not remain in multivariate analysis19. Later analysis of the same 

study with a larger dataset of 2,649 essential hypertensives and a longer mean follow-up 

(6 years) found that individuals with high (e.g. above median)  SBPV or diastolic BPV 

(DBPV) during the daytime or nighttime periods, had a greater incidence of cardiac and 

cerebrovascular events. Most notably, after multivariate analysis adjusting for several 

confounders including mean BP, individuals with high nighttime SBPV (standard 

deviation in SBP > 10.8 mmHg) had a 51% greater risk for cardiac events when 

compared to individuals with low nighttime SBPV20.  

Similar findings have also been reported in a cohort of elderly hypertensives 

enrolled in the Systolic Hypertension in Europe (Syst-Eur) trial, a trial aimed at 

investigating the efficacy of antihypertensive treatment in elderly patients with isolated 

systolic hypertension. During the run-in period, patients completed 24-hour ABPM set at 

a sampling interval of no more than every 30 minutes, and were subsequently followed 

up for a median of 4.4 years. After adjustment for age, gender, smoking status, history of 

cardiovascular complications and mean 24-hour BP, 24-hour SBPV was found to be a 

significant predictor of the incidence of stroke in the placebo group. This relationship 

appeared to be due largely to nighttime SBPV, as the risk of stroke increased by 80% for 

each 5 mmHg increment in nighttime SBPV21. 

In addition to having prognostic significance in hypertensive populations, 

ambulatory BPV has also been demonstrated to have prognostic significance in the 
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general population as well. The first data linking ambulatory BPV to cardiovascular 

morbidity or mortality in the general population came from the Ohasama study; a 

prospective study of 1,542 residents from Ohasama, a rural town in northern Japan. At 

study entry, residents underwent 24-hour ABPM set at a sampling interval of every 30-

minutes. After an average follow-up of 8.5 years, a significant linear relationship between 

daytime SBPV and risk for cardiovascular mortality was found, independent of mean BP 

levels and other confounders including gender, age, smoking status, obesity, and use of 

antihypertensive medications. Moreover, when models were further adjusted for heart 

rate variability in order to account for differences in baroreceptor function, both daytime 

SBPV and DBPV were positively associated with cardiovascular mortality. From this 

finding, the investigators speculated that impaired baroreflex function, a BP control 

mechanism, is not the sole factor explaining the relationship between high BPV and 

cardiovascular mortality11.  

 Other general population based prospective studies with different populations 

have also yielded similar findings. The Pressioni Arteriose Monitorate e Loro 

Associazioni (PAMELA) study, started in 1991 with follow-up until 2004 among a 

sample of 2,051 residents of Monza, Italy, conducted 24-hour ABPM set at a sampling 

interval of every 20-minutes at study entry. Results showed that SBPV and DBPV during 

the daytime, nighttime, and 24-hour periods all had a significant positive relationship 

with both cardiovascular and all-cause mortality. Most strikingly, 24-hour DBPV was an 

independent predictor of cardiovascular and all-cause mortality even after adjustment for 

mean 24-hour BP, age, gender, and major cardiovascular risk factors; and in fact was the 

strongest predictor of both cardiovascular and all-cause mortality12. 
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 More recently, an international consortium has compiled the International 

Database on ABPM in relation to Cardiovascular Outcomes (IDACO) to investigate with 

great precision to what extent ABPM improves risk stratification. This database contains 

data from 8,938 people enrolled in 11 different prospective population studies from three 

different continents including Europe (Belgium, Denmark, and Sweden), Asia (China and 

Japan), and South America (Uruguay). Analyses of this database, with a median follow-

up of 11.3 years, showed that 24-hour SBPV was an independent predictor of 

cardiovascular and stroke events, and cardiovascular and all-cause mortality, independent 

of mean 24-hour BP levels and other confounders including age, gender, body mass 

index (BMI), smoking status, and use of antihypertensive medication. Similarly, 24-hour 

diastolic BPV was also an independent predictor of cardiovascular and stroke events, and 

cardiovascular and all-cause mortality in fully-adjusted models10. Given the breadth of 

this database, these findings provide strong evidence that ambulatory BPV could have 

prognostic and clinical significance across many different world populations. 

 

Prognostic Significance of Visit-to-Visit BPV 

 Differences between office/clinic BPs taken days, weeks, or months apart have 

been studied since the 1960’s, however the first prospective study to investigate the 

prognostic significance of visit-to-visit BPV quantified over a period of days, weeks, or 

months was not conducted until 1999 when Tozawa et al. examined the association of 

visit-to-visit SBPV and fatal events in 144 patients with end-stage renal disease who were 

on renal dialysis. Using BP measurements obtained immediately before routine 

haemodialysis treatment that occurred at a frequency of 3 days/week for 1 year, it was 
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found that visit-to-visit SBPV over the 1-year period was an independent predictor of all-

cause mortality after a mean follow-up of 2.9 years22.  

Two small retrospective case-control studies subsequently also demonstrated the 

prognostic significance of visit-to-visit BPV in elderly hypertensive populations. In the 

first, 138 elderly hypertensive patients (e.g. receiving antihypertensive therapy) with 

incident stroke were matched with at least 2 age- and gender-matched hypertensive 

controls. Using office BP measurements taken monthly over a 1-year period that were 

extracted from case notes, it was found that visit-to-visit SBPV and DBPV were both 

associated with a greater risk for stroke even after adjustment for confounders including 

mean BP23. In a similarly designed case-control study conducted by the same group of 

investigators, 139 elderly hypertensive patients (e.g. receiving antihypertensive therapy) 

who suffered from the first occurrence of  myocardial infarction (MI) after the age of 60 

were matched with age- and gender-matched hypertensive controls who did not have 

prior history of MI. From office BP measurements recorded in case notes over a 1-year 

period, it was found that visit-to-visit DBPV was an independent predictor of acute MI24. 

 More powerful evidence for the prognostic significance of visit-to-visit BPV 

comes from retrospective analysis of several randomized controlled trials by Rothwell et 

al. in 2010. Investigators first analyzed data from the United Kingdom transient ischemic 

attack (UK-TIA) aspirin trial, a trial of 2,435 patients with a recent transient ischemic 

attack (TIA) or ischemic stroke who were randomized into a placebo group, a 300 mg 

aspirin treatment group, or a 1200 mg aspirin treatment group for a period of 6-years and 

had BP measured every 4-months during follow-up visits for the duration of the study. 

When visit-to-visit BPV was quantified using BP measures from visits 1 to 7 (0-24 
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months), it was found that visit-to-visit SBPV was an independent predictor of stroke, 

and was a stronger predictor than mean SBP. In order to confirm these findings Rothwell 

et al. analyzed two additional TIA and stroke trials. The first was the European Stroke 

Prevention Study (ESPS-1), in which 2,500 patients were randomized to a placebo group 

or a dipyridamoleplus aspirin treatment group. In this study, BP was measured at follow-

up visits every 3 months for 2 years (8 visits). The second study was the Dutch TIA trial 

in which 3,150 patients were randomly assigned to a placebo group, a 30 mg aspirin 

treatment group, a 283 mg aspirin treatment group, or an atenolol treatment group and 

had their BP measured every 4 months for a mean of 2.6 years at follow-up visits. 

Analyses of these two additional trials yielded findings that were in accordance with 

findings from the UK-TIA aspirin trial as visit-to-visit SBPV was consistently more 

predictive of stroke than mean BP. To test the generalizability of these findings in TIA 

cohorts, investigators then analyzed the Anglo-Scandinavian Cardiac Outcomes Trial 

(ASCOT-BPLA), a trial of 19,257 hypertensive patients who were randomized into one 

of two antihypertensive regimens (amlodipine-based or atenolol-based). In this trial, BP 

was measured at baseline, 6-weeks, 3-months, 6-months, and every 6-months thereafter 

and it was found that visit-to-visit SBPV across 5 visits (6-36 months) was a strong 

predictor of both stroke and coronary events. Moreover, in concordance with their 

findings from the TIA trials, Rothwell et al. showed that visit-to-visit SBPV was a better 

predictor of stroke and coronary events than mean BP. From these findings the 

investigators concluded that visit-to-visit BPV is a powerful predictor of stoke and 

coronary events, independent of mean BP14. 
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 Several studies have subsequently tried to validate these findings in other 

populations. Kilpatrick et al. showed that visit-to-visit SBPV and DBPV quantified from 

annual visits over a 9-year follow-up was associated with the development of 

nephropathy in type I diabetes25. In another recent study of 2,161 patients with type II 

diabetes, it was found that visit-to-visit SBPV was an independent predictor of all-cause 

mortality after a mean follow-up of 5.5 years26. Visit-to-visit SBPV was also found to be 

predictive of early mortality and recurrent stroke in a trial cohort of 1,479 who suffered 

an acute ischemic stroke <48 hours prior to study enrollment and were followed up for a 

period of 10 days post-stroke27. 

Consistent with findings from clinical populations, analysis of two large-scale 

population based studies has shown that visit-to-visit BPV also has prognostic 

significance in the general population. SBPV quantified from at least 10 readings over a 

4-week period was shown to be an independent predictor of cardiovascular and stroke 

mortality in 2,455 subjects in the Ohasama study who were followed up over a median of 

11.9 years28. More recently, using data on US adults at least 20 years of age from the 

Third National Health and Nutrition Examination Survey (NHANES III), the relationship 

of visit-to-visit BPV and all-cause mortality was investigated using BP readings taken 

during 3 separate visits obtained a median of 17 days apart. After a median follow-up of 

14 years in 956 adults, it was found that visit-to-visit SBPV was a significant predictor of 

all-cause mortality even after adjustment for age, gender, race, mean BP, and use of 

antihypertensive medication. Furthermore, it was found that individuals in the middle and 

highest tertiles of visit-to-visit SBPV had a more than 50% greater risk of all-cause 

mortality than subjects in the lowest tertile of visit-to-visit SBPV13. By including subjects 
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who were and were not taking antihypertensive medications and who were not 

randomized to interventions, these findings may extend the potential clinical importance 

of visit-to-visit BPV beyond clinical populations and could provide rationale for 

additional research to identify the putative mechanisms involved in the association of 

visit-to-visit BPV with cardiovascular risk. 

 

Racial Differences 

It has been well established that the prevalence of hypertension in African 

Americans is among the highest in the world, with the latest reports indicating that 41.8% 

of African American adults have hypertension29. When compared to other ethnic groups, 

African Americans develop hypertension earlier in life, at any given age have a higher 

mean BP, progress more rapidly to severe levels of hypertension, and develop more 

clinical sequelae from hypertension30. As a result of this disproportionate burden of 

hypertension, the African American population has a 1.8 times greater rate of fatal stroke, 

a 1.5 times greater rate of mortality caused by heart disease, and a 4.2 times greater rate 

of end-stage kidney disease when compared to Caucasians29. Surprisingly, outside of 

homicide, hypertension-related mortality is the greatest contributing factor to differences 

in mortality rates between African Americans and Caucasians, with African Americans 

having a 2.5 times greater hypertension-related mortality rate when compared to 

Caucasians31. 

Coinciding with the increased cardiovascular disease burden well established in 

African Americans, it has been found that indices of short- and long-term BPV are higher 

in African Americans when compared to their Caucasian counterparts. In a longitudinal 
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study by Li et al. in 2010, 344 Caucasian and 297 African-American youths (ages 7 to 16 

years) completed 24-hour ABPM up to 12 times over a 15-year period from childhood to 

early adulthood. At baseline evaluation, African American youths had significantly 

higher 24-hour DBPV when compared to Caucasian youths. After follow-up, it was 

found that African American ethnicity was a predictor of higher 24-hour SBPV and 

DBPV in young adulthood, and remained a predictor of higher 24-hour DBPV in 

multivariate analyses after adjustment for gender, adiposity, and mean BP32. Similar to 

the findings that African Americans have higher ambulatory BPV, analysis of a study 

cohort of 1,797 subjects enrolled in the Bogalusa Heart Study (1,091 Caucasians; 706 

African Americans) who had BP measures obtained 4 to 8 times during childhood (age 4 

to 19 years) showed that African Americans had higher visit-to-visit SBPV33. Taken 

together, the higher BPV in African Americans, in terms of both ambulatory BPV and 

visit-to-visit BPV, are consistent with the prognostic value of higher BPV when taking 

into account the substantial evidence that has shown that African Americans have a 

higher incidence and mortality of cardiovascular disease than Caucasians. Consequently, 

it has been speculated that higher cardiovascular morbidity and mortality in African 

Americans could, in part, have an origin in ethnic differences in BPV32. Future studies 

investigating BPV in African American populations, therefore, may be needed. 

 

Blood Pressure Variability and the Endothelium 

The mechanisms by which BPV confers greater cardiovascular risk has been a 

matter of considerable debate. On one hand, BPV has been frequently associated with 

future cardiovascular morbid events and cardiovascular and all-cause mortality, 
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independent of confounders. On the other hand, BPV increases with increasing mean BP 

levels, increasing age, and increasing adiposity10, 11, 32, 34, 35. Thus, the question as to 

whether BPV has a pathogenic role in cardiovascular disease (e.g. direct causality), or is 

simply a secondary phenomenon of subclinical cardiovascular changes (e.g. reverse 

causality) still remains open. Some studies have shown that high BPV is associated with 

increased arterial stiffness and diminished baroreflex sensitivity, suggestive that the 

association between BPV and cardiovascular risk may be merely a result of the 

manifestation of hypertension-related changes to the vasculature, or the result of 

impairment of cardiovascular control mechanisms36-38. However, the cross-sectional 

design of these studies allowed only for assessment of associations, but not cause-effect 

relationships. In lieu of longitudinal data, the most compelling evidence supportive of a 

pathological role of BPV in cardiovascular disease stems from animal studies.  

In animal models, sinoaortic-denervation (SAD) is a procedure whereby the 

arterial baroreflex system is interrupted, causing significant increases in BPV without 

eliciting changes in mean BP levels. First described by Eduardo Krieger in 196439, SAD 

rats are now widely considered to be an animal model for BPV because the 

pathophysiological changes caused by high BPV can be investigated without the 

confounding factor of hypertension40. It has been demonstrated that SAD rats have TOD, 

including myocardial damage, vascular remodeling, and renal lesions, 16-weeks after 

surgery41-43. These findings are consistent with clinical studies which have reported BPV 

to be predictive of future development of atherosclerosis and TOD18, 44, 45. Importantly, it 

has been demonstrated in SAD rats that BPV is more important than mean BP levels in 

the determination of cardiac damage, renal lesions, and aortic hypertrophy46. Coinciding 
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with these findings, several studies in a well established genetic model of essential 

hypertension (spontaneously hypertensive rats) have also found BPV to be more 

important than mean BP levels in the development of TOD47, 48. Taken together, these 

findings strongly suggest that BPV is an independent determinant of cardiovascular 

complications.  

From these experimental findings, investigators have hypothesized that the 

possible mechanisms underlying BPV-induced TOD could involve the induction of 

inflammation and endothelial injury49. Intuitively, it is plausible that large fluctuations in 

BP, and hence blood flow, may increase the amount of mechanical stress placed upon the 

vasculature. It has been well known for several decades that hemodynamic forces 

regulate blood vessel structure and influence the development of vascular pathologies50. 

In particular, the flow of blood across the interior lining of blood vessels (e.g. endothelial 

surface) exerts a frictional force per unit area known as hemodynamic shear stress that 

can modulate endothelial function. Three decades of research has validated that laminar 

shear stress (LSS) exerts atheroprotective effects on the endothelium, while pathological 

shear stress (low shear stress and oscillatory shear stress) is a powerful stimulus for 

atherogenesis. In recent years, investigators have developed a perivascular shear stress 

modifier, referred to as a cast, which can induce changes in shear stress patterns and 

shear stress magnitude in a straight vessel to a very fine degree51. In an experiment where 

this cast was used to alter flow in the carotid arteries of apoplipoprotein E knockout mice, 

Cheng et al. demonstrated that atherosclerotic lesion size and vulnerability is directly 

linked to changes in blood flow52. Interpreting their findings, Richter & Edelman 

speculated that these findings may suggest that changes in blood flow, rather than 
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absolute shear stress levels (higher or lower) or flow patterns themselves, produce 

potentially deleterious effects on the endothelium53. As such, it is conceivable that 

fluctuations in blood flow resultant from high BPV could be related to endothelial 

activation and injury. 

It is well understood that pathological patterns and levels of shear stress act 

through the modulation of inflammatory pathways to promote endothelial dysfunction54. 

Hence, it is plausible that the activation of inflammatory pathways within endothelial 

cells could be a mechanism by which large fluctuations in BP ultimately impair the health 

and function of the endothelium, and, in turn, induce vascular hypertrophy and 

atherosclerotic lesions. A previous study by Zhang et al. has shown that inflammation-

related factors are markedly elevated in SAD rats 16 weeks after surgery by 2.5 times for 

plasma thromboxane B2, 5 times for serum tumor necrosis factor α, and about 20 times 

for serum interleukin-1β. More interestingly and importantly, it was found that treatment 

of SAD rats with the anti-inflammatory drug indomethacin or the anti-oxidant vitamin E 

for 12 weeks significantly reduced the amount of TOD induced by SAD. From these 

findings, investigators proposed that inflammation is one of the mechanisms underlying 

organ damage in SAD rats55. In accordance with experimental findings supporting a role 

for inflammation in BPV-induced cardiovascular complications, we and several others 

have shown that high 24-hour BPV is associated with elevated plasma levels of systemic 

inflammatory biomarkers in normotenstives, hypertensives, and African American 

populations56-58. Though still limited, with few studies investigating inflammation within 

the vasculature, a role for vascular inflammation in BPV-induced cardiovascular 

complications is thus beginning to emerge.  
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The first study supporting a direct role for vascular inflammation and endothelial 

dysfunction as mechanisms involved in BPV-induced cardiovascular complications came 

from Miao et al. in 2001 who showed that endothelium-dependent aortic relaxation 

induced by acetylcholine was attenuated in SAD rats when compared to sham-operated 

rats 16-weeks after surgery41. A subsequent study by Eto et al. in 2003 further confirmed 

these findings59. As shown in Figure 2, endothelial-dependent relaxation in response to 

acetylcholine was impaired in SAD rats when compared to sham-operated rats (Figure 

2a), as it was found that both sensitivity and maximum relaxation in response to 

acetylcholine were both significantly reduced in the SAD rats. On the other hand, 

endothelial-independent relaxation was not significantly different between the two groups 

(Figure 2b). When endothelial nitric oxide (NO) release was analyzed from isolated 

endothelium-preserved aortic rings, it was furthermore found that acetylcholine-induced 

NO production was significantly reduced in the SAD rats 60-minutes post-stimulation 

when compared to the sham-operated rats (Figure 2c). Importantly, these differences in 

endothelial-dependent relaxation and endothelial NO production between the SAD and 

sham-operated rats occurred only 4-weeks post-surgery, suggestive that endothelial 

dysfunction could be an early step in the pathogenesis of cardiovascular complications in 

SAD rats. 
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Rat models have been used for centuries to understand human biology and 

disease. Nonetheless, the substantial amount of differences between rats and humans 

regarding the onset and progression of cardiovascular disease mandates the confirmation 

of experimental findings in human studies60. However, to the best of our knowledge no 

previous study has assessed the relationship between BPV and endothelial function or 

Eto et al., 2003

Figure 2: Differences in Vascular Function Between 
SAD and Sham-Operated Rats. Endothelium-dependent 
relaxation response to acetylcholine (A) and endothelium-
independent relxation repose to sodium nitroprusside (B) in 
isolated aortic rings of SAD and sham-operated rats. (C) 
Acetylcholine-induced NO production by isolated aortic rings 
derived from SAD and sham-operated rats.

C
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endothelial damage in any human population. Human studies are therefore needed to 

confirm the previously observed findings in SAD rats and further elucidate the potential 

pathogenic effects of high BPV on the endothelium. Furthermore, it is possible that 24-

hour BPV and visit-to-visit BPV are two risk markers with different underlying causes 

and sequelae. Thus, studies comparing these two different indices of BPV and how they 

relate with subclinical changes in the vasculature could provide valuable information for 

future studies. The methods commonly used to assess endothelial health in human 

studies, which would permit us to investigate the relationship between indices of BPV 

and the endothelium, are described below. 

 

Endothelial Function 

The endothelium, once considered as simply a permeable barrier between the 

blood stream and the outer layers of the vasculature wall, has now emerged as a key 

regulator of vascular homeostasis. Evidence has accumulated to show that the 

endothelium not only functions as a barrier, but also is involved in angiogenesis, vascular 

tone, coagulation and acts as an active signal transducer for hemodynamic, inflammatory, 

and metabolic factors that affect the function and morphology of the blood vessel wall61.  

Under normal physiologic conditions, quiescent endothelial cells have anti-proliferative, 

anti-thrombotic, and anti-inflammatory properties that serve to maintain the health of 

blood vessels. However, under pathologic conditions endothelial cells lose their 

protective capacity, become activated, and conversely promote a pro-thrombotic and pro-

inflammatory environment that precedes and may stimulate the development of 

atherosclerotic lesions. Endothelial dysfunction is widely considered to be the first step of 
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vascular remodeling that takes places during the development of atherosclerosis, 

therefore methods to directly analyze the current state of the endothelium and the 

ongoing endothelial cell perturbations in vivo has received considerable attention. 

Although this can be easily explored in animals, direct analysis of the endothelium in 

humans is difficult, painful, and costly due to the invasive procedures required to obtain 

endothelial cell samples.  

In lieu of more direct measures, endothelial function is usually evaluated non-

invasively by assessing endothelial-dependent vasodilatory capacity of a given arterial 

segment to a mechanical (e.g. flow-mediated dilation) or pharmacological (e.g. 

acetylcholine) dilatory stimulus. Conceptually, these stimuli induce the release of NO, a 

potent vasodilator that is generated from conversion of the amino acid L-arginine to NO 

and L-citrulline by the enzyme endothelial NO synthase (eNOS), which is constitutively 

expressed in endothelial cells. Under normal physiologic conditions, shear stress is a key 

activator of eNOS. Using this principal, an ultrasound-based test known as flow-mediated 

dilation (FMD) was introduced in 1992 whereby a substantial amount of shear stress is 

generated through the induction of reactive hyperemia to elicit endothelium-mediated 

vasodilation62. In this method, a sphygmomanometer cuff placed either proximal or distal 

to the brachial artery is inflated to 200 mmHg and is released 4 to 5 minutes later. 

Subsequent to the release of the cuff, FMD occurs predominately as a result of local 

endothelial release of NO. Because NO plays a pivotal role in the regulation of vascular 

tone and is also involved in protecting against vascular injury, inflammation, and 

thrombosis; its production by the endothelium is considered to be a hallmark of 
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endothelial health. As such, the vasodilatory response of the brachial artery to FMD is 

considered to be indicative of NO bioavailability and endothelial function.  

In their seminal study introducing the brachial artery FMD test, Celermajer et al. 

showed that FMD was significantly reduced in 20 smokers, 20 patients with established 

coronary artery disease, and 10 children with familial hypercholesterolemia when 

compared to 50 control subjects without any cardiovascular risk factors62. Since this 

initial study, hundreds of clinical research studies have been conducted to investigate the 

relationship between cardiovascular disease and endothelial function using FMD. Among 

them, numerous studies have shown FMD to be attenuated in variety of disease states 

including hypertension, type II diabetes, chronic kidney disease, metabolic syndrome, 

coronary artery disease, erectile dysfunction, and congestive heart failure63-71. 

Furthermore, reductions in FMD have been documented with almost all of the major 

cardiovascular risk factors including increasing age, physical inactivity, smoking, 

dyslipidemia, obesity, family history of cardiovascular disease, and menopause72-82. 

Some of the most compelling data linking FMD to the early pathogenesis of 

cardiovascular disease came from a meta-analysis of 211 selected articles reporting on 

FMD and cardiovascular risk factors. A total of 11,984 subjects were stratified into low-, 

intermediate-, or high-risk categories for 10-year risk of coronary heart disease using the 

Framingham risk score. Analyses showed that endothelial function, as measured by 

FMD, was most related to cardiovascular risk factors and estimated 10-year risk of 

coronary heart disease in subjects with low-risk83. From this finding, the investigators 

speculated that the ability of the endothelium to produce NO in response to shear stress 

stimuli is affected at a very early stage in the pathogenesis of cardiovascular disease. 
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Beyond the relationship of FMD with cardiovascular risk factors, several studies 

have also demonstrated a relationship of FMD with measures of TOD. In particular, 

increased intima-media thickness of the common carotid artery (CCIMT) has been 

demonstrated to be inversely associated with FMD in hypertensives and in adults at risk 

for the development of atheroscleorsis84, 85. The results of these studies have also been 

confirmed in the Cardiovascular Risk in Young Finns Study, a large community-based 

study of 2,109 healthy young adults. In this study, investigators found that brachial artery 

FMD was inversely associated with CCIMT after adjustment for age, gender, baseline 

brachial artery size, and several risk variables84. FMD has also been associated with 

carotid plaque, as analysis of 643 stroke-free subjects enrolled in the population-based 

Northern Manhattan Study (NOMAS) showed that reduced brachial artery FMD was 

significantly associated with maximum carotid plaque thickness after adjustment for 

demographics, vascular risk factors, and education86.  

In addition to structural changes to the vasculature, available data also suggest 

that FMD is closely related to structural changes in the heart. It has been found that FMD 

is inversely associated with left ventricular mass (LVM) in newly diagnosed 

hypertensives and normotensive offspring of hypertensive subjects87, 88. The finding of an 

inverse association between FMD and LVM in these two small studies has been 

confirmed in two large-scale population-based studies. Analysis of 867 stroke-free 

subjects enrolled in NOMAS showed that FMD was inversely associated with LVM after 

adjustment for all confounders and found that each 1% decrease in FMD was associated 

with an 8% higher risk of left ventricular hypertrophy89. More recently, analysis of data 

from 2,447 adults without cardiovascular disease who were enrolled in the Multi-Ethnic 
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Study of Atherosclerosis (MESA) found that FMD was inversely associated with LVM 

after adjustment for age, gender, race, BP, and other confounders90. Outside of LVM, 

FMD has also been significantly associated with diastolic dysfunction in several clinical 

populations88, 91, 92. Hence, it appears that FMD is associated with structural changes to 

both the vasculature and the heart. 

In recent years, a large body of evidence has accumulated to support the 

prognostic value of FMD. The first prospective study to investigative the prognostic 

relevance of FMD was conducted in 2002 by Gokce et al. who examined pre-operative 

brachial artery FMD in 187 patients undergoing vascular surgery. After a follow-up of 

30-days post-surgery, it was found that pre-operative FMD was an independent predictor 

of post-operative cardiac events93. Subsequent studies have also confirmed the prognostic 

relevance of FMD in other high-risk populations. Three separate prospective studies in 

patients with peripheral artery disease (PAD) have shown that FMD is an independent 

predictor of incident cardiovascular events after adjustment for confounders in PAD 

patients who did or did not undergo elective vascular surgery94-96. Strikingly, in one of 

these studies it was found that future risk of cardiovascular events was approximately 9-

fold higher in PAD patients with FMD lower than 8.1% when compared to PAD patients 

with FMD >8.1%95.More recently, in a study of 135 patients with coronary artery disease 

undergoing percutaneous coronary intervention, Akcakoyun et al. found that FMD 

measured before elective coronary stenting was the only significant predictor of 

cardiovascular events and in-stent restenosis after an average follow-up of 12 months97.  

The first study demonstrating the prognostic relevance of FMD in asymptomatic 

or apparently health populations was conducted by Rosario Rossi and collaborators who, 
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in a series of three separate articles, investigated the potential prognostic significance of 

FMD in a prospective cohort study of apparently healthy, non-obese, post-menopause 

women. In their first published findings analyzing data from 952 post-menopausal 

women, they showed that reduced FMD was independently associated with a greater risk 

of developing hypertension after an average follow-up of 3.6 years. It was furthermore 

found that each 1-unit decrease in FMD was associated with a 16% increased risk of 

incident hypertension98. In their second published findings, Rossi et al. investigated the 

relationship between FMD and incident type II diabetes using data from 840 post-

menopausal women who had a normal oral glucose tolerance test (fasting plasma glucose 

< 110 mg/dl and 2-hour plama glucose < 140 mg/dl) at study entry. After an average 

follow-up of 3.9 years, it was found that reduced FMD was independently associated 

with a greater risk of developing type II diabetes, as each 1-unit decrease in FMD was 

associated with a 32% increased risk of incident type II diabetes99. Finally, in their most 

recent published findings, it was found that FMD at study entry was an independent 

predictor of cardiovascular events after an average follow-up of 3.7 years in a cohort of 

2,264 post-menopausal women. Importantly, it was found that FMD added prognostic 

information above and beyond traditional risk factors including age, smoking status, and 

hypercholesterolemia100.  

Other data has shown that FMD is associated with progression of pre-clinical 

coronary artery disease. In a study of 213 non-smoking, late to middle aged British civil 

servants, CCIMT was measured at study entry and was repeated an average of 6.2 years 

later. It was found that only FMD, but not traditional cardiovascular risks factors (e.g. 

age, BP, cholesterol, etc.) or the Framingham Risk Score, was associated with average 
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annual progression of CCIMT. This relationship remained after adjustment for age, sex, 

waist circumference, other risk factors and the Framingham Risk Score101. Similar 

findings of a relationship between FMD and CCIMT progression after 1-year were also 

recently reported by Rossi et al. in a sub-analysis of 618 hypertensive post-menopausal 

women from their prospective cohort study of post-menopausal women102.  In the 

general population, the two largest studies to date which have demonstrated the 

prognostic relevance of FMD have been the Cardiovascular Health Study (CHS) and 

MESA. CHS is a longitudinal population-based study of elderly adults (>65 years of age) 

who were examined annually beginning in 1989. During the tenth annual examination, a 

cohort of 2,792 enrolled subjects volunteered to undergo FMD testing. After a 5-year 

follow-up, it was found that FMD was an independent predictor of incident 

cardiovascular events after adjustment for age, gender, mean BP, and cardiovascular 

disease history103. Similar findings have also been reported in a nested case-cohort subset 

of MESA, a prospective observational study investigating the prevalence, correlates, and 

progression of cardiovascular disease in a diverse sample of individuals without known 

cardiovascular disease at baseline. Using a random sample of 2,844 subjects out of 6,489 

who underwent FMD testing, it was found that FMD was an independent predictor of 

incident cardiovascular events after a 5-year follow-up. Furthermore, it was found that 

FMD improved the classification of subjects as low-, intermediate-, or high-risk for 

cardiovascular disease when compared with the Framingham Risk Score104. From these 

prospective study findings, along with previous cross-sectional study findings 

demonstrating a relationship between FMD and both TOD and cardiovascular risk 
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factors, it has become evident that brachial artery FMD is likely to be of clinical 

importance in the assessment of cardiovascular disease risk and progression.  

Coinciding with the disproportionate burden of cardiovascular disease in African 

Americans, racial differences in FMD has been observed in several studies. In a study of  

24 apparently healthy African Americans and 28 age-matched Caucasians, Perregaux et 

al. were the first to demonstrate that brachial artery FMD, in terms of both absolute and 

percent change,  is significantly reduced in African Americans when compared to their 

Caucasian counterparts105. In a subsequent larger study of 92 apparently healthy adults 

(46 Caucasians, 46 African Americans), Cambria et al. further demonstrated that brachial 

artery FMD is significantly reduced in African Americans when compared to Caucasians. 

This racial difference persisted after adjustment for baseline brachial artery diameter, 

BMI, and SBP106. Several other small-scale studies in recent years have reported similar 

findings of reduced FMD in African American populations107-111. In addition, two large-

scale population based studies have reported racial differences in FMD. Analysis of 3,500 

subjects (814 African Americans) enrolled in MESA showed that African American 

ethnicity was associated with lower FMD in a diverse cohort that included Caucasians, 

Chinese Americans, and Hispanic Americans.112. When measures of FMD were analyzed 

in African American (n = 297) and Caucasian (n = 1,330) woman enrolled in CHS, it was 

found that FMD was significantly lower in African American women when compared to 

Caucasian women. Moreover, this difference remained after adjustment for covariates 

including baseline brachial artery diameter, age, smoking status, BMI, anti-hypertensive 

medication usage, and cardiovascular disease history113. Collectively, these studies 

establish that African Americans tend to have more endothelial dysfunction when 
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compared to other ethnic groups. As such, identifying potential mechanisms (e.g. BPV) 

that may contribute to endothelial dysfunction could, in part, help to elucidate racial 

differences in endothelial function and thus cardiovascular disease. 

 

Endothelial Microparticles 

In recent years, endothelial microparticles (EMPs) have emerged as a novel direct 

marker that may provide valuable information as to the biological status of the 

endothelium. These endothelial-derived microparticles are submicroscopic fragments or 

vesicles that are released from the plasma membrane of endothelial cells into circulation 

when endothelial cells are subjected to a number of stress conditions, including cell 

activation or cell apoptosis. Experimental evidence has revealed that EMPs are not 

generated randomly, but instead are formed in a regulated manner in response to several 

activation- and apoptotic-related stimuli including pro-inflammatory cytokines, pro-

coagulant agents, reactive oxygen species (ROS), C-reactive protein (CRP), and 

infectious agents114-118.  Thus, although long thought to be cellular debris, EMPs present 

in the blood are now widely considered to be a biological marker reflective of cell 

activation, degeneration, and apoptosis that could provide important information 

regarding the pathological status of the endothelium119.  

It is known that microparticles are first formed as part of an exocytotic budding 

process at the plasma membrane that leads to the formation of membrane blebs. This 

initial step occurs as a result of increases in cytosolic calcium concentrations during cell 

activation or cell apoptosis which, in turn, facilitates the loss of membrane lipid 

asymmetry and causes cytoskeleton protein reorganization. In quiescent cells, a resting 



 
 

30 
 

cell membrane is characterized by its phospholipid distribution with phosphatidylcholine 

and sphingomyelin located on the external leaflet, and phosphatidylethanolamine and 

phosphatidylserine (PSer) on the internal leaflet. This resting phospholipid asymmetry is 

maintained by a balance in enzymatic activity between three transmembrane lipid 

transporter enzymes: flippase, floppase, and scramblase. During cell activation or 

apoptosis, there is a rapid release of calcium by the endoplasmic reticulum. This sudden 

increase in cytosolic calcium disturbs the enzymatic balance of the transmembrane lipid 

transporter enzymes, as calcium-dependent activation of floppase and scramblase, and 

calcium-dependent inhibition of flippase occurs. Consequently, this leads to PSer 

externalization and loss of membrane asymmetry. Simultaneously, the increase in 

cytosolic calcium concentrations results in the activation of calcium-dependent proteases, 

including calpain, that disrupt cytoskeleton protein organization. Together, the loss of 

membrane asymmetry and cytoskeleton protein reorganization results in a compromised 

plasma membrane whereby membrane blebs form and are subsequently shed from the 

membrane into extracellular fluid120. 

When released from their parent endothelial cell into circulation, EMPs carry with 

them a subset of membrane proteins and phospholipids from their parent endothelial cell. 

By obtaining blood samples, incubating them with flurochrome-conjugated antibodies 

specific for cell surface proteins that are constitutively expressed on endothelial cells, and 

subsequently analyzing fixed samples via flow cytometry, quantities of EMPs can be 

readily determined in a given blood sample. To date, several antibodies have been used to 

detect EMPs including CD31 (PECAM-1), CD51 (αvβ3-integrin), CD54 (ICAM-1), 

CD62E (E-Selectin), CD105 (Endogen), CD106 (VCAM-1), CD144 (VE-Cadherin), and 



 
 

31 
 

CD146 (MCAM). Among them CD54, CD62E, CD106 have been shown to be markedly 

generated during endothelial cell activation, while CD31 and CD105 have been 

demonstrated to be markedly generated during endothelial cell apoptosis121. Thus, EMPs 

exist in multiple phenotypes which can be distinguished by different surface markers. 

These phenotypes are thought to be associated with different pathological mechanisms, as 

it has been suggested that CD62E+ EMPs are markers of early endothelial activation, 

while CD31+ EMPs may reflect structural damage and apoptosis of endothelial cells122. 

With the exception however of CD62E and CD144, most of these markers lack exclusive 

endothelial expression. Therefore, to exclude possible contaminating subpopulations of 

microparticles from other cellular origins, combining of multiple markers must be used to 

accurately quantify EMP concentrations119. For example, CD31 (PECAM-1) is present on 

platelet microparticles (PMPs) as well as EMPs. Therefore, samples must be co-

incubated with CD42 (Glycoprotein Ib), a platelet surface membrane glycoprotein, to 

distinguish between EMPs (CD31+CD42−) and PMPs (CD31+CD42+).  

The first study to characterize circulating EMPs in vivo was conducted by 

Combes et al. in 1999 who compared EMP levels of healthy controls to patients with 

diagnosed lupus anticoagulant (LA), a population with high thrombotic risk. In their 

elaborate study, in vitro experiments using human umbilical vein endothelial cells 

(HUVECs) were first conducted to determine endothelial membrane antigens present on 

EMPs that could allow for the detection of EMPs in human plasma. After determination 

that CD51 was selective enough to discriminate EMPs, it was found that patients with LA 

had significantly higher EMPs when compared to healthy controls. Moreover, among LA 

patients, it was found that those who experienced thrombotic events had a higher number 
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of EMPs than thrombosis-free LA patients114. Several cross-sectional studies 

subsequently have demonstrated the potential clinical relevance of EMPs as elevated 

circulating EMPs has been observed in several other pathological states including 

hypertension, type II diabetes, metabolic syndrome, congestive heart failure, acute 

coronary syndrome, and chronic renal failure123-130. Elevated circulating EMPs have also 

been documented with a number of major cardiovascular risk factors including smoking, 

obesity, physical inactivity, and hypercholesterolemia131-134.  

Existing data also suggests that circulating EMP levels are closely associated with 

measures of subclinical cardiovascular disease. Several studies have reported that 

circulating EMP levels are independently associated with brachial-ankle pulse wave 

velocity (PWV), a measure of arterial stiffness, in a number of populations including 

adolescents, apparently healthy adults, hypertensives, and type II diabetics125, 130, 135, 136. 

In two separate studies, circulating EMPs have also been shown to be associated with 

coronary artery calcifications and high-risk coronary lesions137, 138. More recently, it has 

been demonstrated that circulating EMPs are associated with common carotid artery 

inward remodeling in individuals free from cardiovascular disease and without abnormal 

thickening and plaque at the site of measure139. Finally, coinciding with the hypothesis 

that circulating EMP levels are indicative of the status of the endothelium, several studies 

have shown a significant inverse relationship between EMPs and endothelial function, as 

measured by FMD, in a number of populations including end-stage kidney disease, 

obesity, coronary artery disease, and type II diabetes125, 131, 140, 141.  

Because the methods to quantify EMPs in plasma have only recently been 

characterized and are rather challenging and complex, studies investigating the 
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prognostic significance of EMPs are limited. In the first and largest prospective study to 

date, 488 Japanese subjects with various degrees of cardiovascular risk from no risk to 

diagnosed coronary artery disease were followed-up for an average of 3 years. It was 

found that circulating CD144+ EMP levels measured at study entry was an independent 

predictor of future cardiovascular events and improved classification of risk when added 

to the Framingham Risk Model142. In a subsequent study by the same group of 

investigators, it was found that having high CD144+ EMP levels was an independent 

predictor of future cardiovascular events in a cohort of 169 Japanese patients with 

diagnosed heart failure after a mean follow-up of 2.5 years143. Two additional prospective 

studies in patients with end-stage renal failure and pulmonary hypertension have also 

reported similar findings. After a follow-up of 12-months, it was found that CD62E+ 

EMPs was an independent predictor of clinical adverse events (mortality or 

hospitalization for right heart failure) in a cohort of 21 patients with pulmonary 

hypertension who were undergoing right heart catheterization144. Finally, in 81 patients 

with end-stage renal failure who were followed up for a median of 4.2 years, it was found 

that CD31+CD42−  EMPs was an independent predictor of all-cause and cardiovascular 

mortality. Furthermore, in a sub-analysis of 55 patients who had CD144+ EMPs also 

measured at study entry, it was found that CD144+ EMPs was also an independent 

predictor of all-cause and cardiovascular mortality145. Nonetheless, despite the 

accumulation of cross-sectional data demonstrating a relationship of circulating EMPs 

with clinical and subclinical cardiovascular disease, the question as to whether EMPs 

represent a marker of cardiovascular disease risk that can be used to predict outcome still 

remains. However, existing data thus far suggest that circulating EMPs is a promising 
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biomarker of vascular disease and endothelial dysfunction that could have clinical and 

prognostic value. 

Evidence has also accumulated to suggest that EMPs are not only biomarkers of 

the pathological state of the endothelium, but also are biological effectors that may serve 

an important physiological role as a conveyors of biological information that can exert 

autocrine actions on endothelial cells themselves and paracrine effects on other cells of 

the vascular system to propagate the functional state of the parent endothelial cell. The 

biological effects of EMPs are largely determined by their protein and lipid composition 

which include proteins involved in coagulation, thrombosis, and inflammation119. Several 

experimental studies have demonstrated that EMPs initiate and propagate coagulation, 

trigger thrombus formation, and stimulate inflammatory cytokine and ROS production146-

149. Most notably, it has been found in animal and cell studies that EMPs decrease eNOS 

expression, reduce NO production, and impair endothelium-dependent relaxation147, 150. 

As a result of the increasing amount of studies demonstrating the pathological effects of 

EMPs, it is now thought that EMPs may be a contributing factor in the pathogenesis of 

endothelial dysfunction and cardiovascular disease. 

Recently, we have demonstrated in vitro that endothelial cells obtained from 

African Americans had greater EMP generation in response to inflammatory cytokine 

stimulation when compared to endothelial cells of Caucasian origin151.  Considering that 

African Americans have one of the highest cardiovascular risks in the world, it is 

interesting to speculate that differences in endothelial cell responses to stimuli and the 

subsequent release of EMPs into circulation could be a potential mechanism underlying 

racial disparities in cardiovascular disease. However, to the best of our knowledge, no 
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studies have investigated EMPs in any African American population. Thus, research is 

still needed to investigate clinical variables and potential stimuli, such as BPV, that are 

associated with circulating EMP levels in African American populations.  

 

Effects of Treatment Modalities on Blood Pressure Variability 

If the hypothesis that BPV is related to cardiovascular morbidity and mortality 

continues to hold true, then optimal antihypertensive treatment should not only be aimed 

at reducing mean BP, but also short- and long-term BP fluctuations. However, before 

BPV can be targeted for antihypertensive treatment in clinical practice, several questions 

must be resolved. First, it needs to be demonstrated that a reduction in BPV results in a 

parallel reduction in organ damage and the rate of cardiovascular events, independent of 

concomitant reductions in mean BP levels. Second, as more and more data accumulates 

to suggest that transient BP fluctuations might have clinical and prognostic relevance, the 

question as to the efficacy of treatment modalities in reducing BPV may have increasing 

clinical importance. Thus, studies investigating the efficacy of pharmacologic and non-

pharmacologic treatment modalities in the reduction of BPV are needed.  

 

Efficacy of Pharmacologic Treatment Modalities 

 In a series of papers published in the early 2000’s, a group of investigators led by 

Ding-Feng Su conducted several studies in spontaneously hypertensive rats (SHRs) to 

elucidate the relative role of BPV reduction in organ protection. First, adult SHRs were 

treated for 4 to 5 months with different antihypertensive drugs including atenolol, 

amlodipine, ketanserin, or nitrendipine. At the end of the treatment period, BP was 
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recorded continuously for 24 hours to quantify BPV; and TOD of the heart, kidneys, and 

aorta was evaluated. It was observed in multivariate regression analyses that BPV 

reduction induced by the various antihypertensive treatment regimens was significantly 

and independently associated with organ protection in all three organs47, 152, 153. In one of 

their studies, it was found that treatment of ketanserin for 5 months significantly reduced 

mean BP, BPV, and organ damage in SHRs. In contrast, hydralazine-treated SHRs 

showed a significant decrease in mean BP that was similar to the ketanserin-treated 

SHRs, but did not have reductions in BPV or organ damage in any of the 3 organs 

evaluated152. They observed similar findings when comparing nitrendipine-treated SHRs 

with hydralizine-treated SHRs47. The investigators speculated that the organ-protective 

effects of ketanserin and nitrendipine may be attributed to their effects on BPV, while 

conversely the lack of organ-protective effects of hydralizine, despite mean BP 

reductions, could be attributed to its lack of effects on BPV. These experimental findings 

thus further highlight the important role that BPV has in the TOD, and also provides the 

first evidence that BPV reduction may be important for decreasing cardiovascular risk. 

 The first human studies investigating the efficacy of pharmacologic treatment 

modalities in the lowering of ambulatory BPV were conducted by Mancia et al. in the late 

1980s and early 1990s. In their first study published in 1989, it was found that changes in 

beat-to-beat 24-hour BPV, quantified using intra-arterial BP monitoring, differed largely 

depending upon treatment drug. Moreover, they found that antihypertensive treatment 

caused small reductions (approximately 0 to 2 mmHg) in BPV calculated using standard 

deviation. However, when the coefficient of variation was calculated as an index of BPV 

that accounted for mean BP levels, 6 out of the 7 antihypertensive treatment regiments 
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assessed caused increases in 24-hour BPV154. In a subsequent study by Mancia et al., 266 

essential hypertensive patients were randomized into a angiotensin converting enzyme 

(ACE) inhibitor or calcium-channel blocker (CCB) treatment group for 4 to 8 weeks and 

underwent 24-hour ABPM at study entry and follow-up set at a sampling interval of 

every 15- to 20-minutes. It was found that the standard deviation in daytime and 24-hour 

SBPV and DBPV were significantly reduced after treatment. However, similar to their 

previous study findings, the coefficient of variation for SBPV and DBPV were similar or 

greater when compared to baseline BPV measures155.  

 Coinciding with these early findings, retrospective analyses of two randomized 

controlled trials also reported similar findings when quantifying BPV using both standard 

deviation and coefficient of variation. In the Syst-Eur trial, it was found that there was a 

significant reduction in the standard deviation of SBPV during the 24-hour, daytime, and 

nighttime periods in 495 elderly hypertensive patients who underwent ABPM at study 

entry and at last-follow-up after randomization into CCB (nitrendipine) or diuretic 

(hydrochlorothiazide) treatment groups. However, after adjustment for mean SBP by 

calculating SBPV as the coefficient of variation, a trend for reduction was observed for 

daytime SBPV (p = 0.08), but reductions in either SBPV or DBPV were not statistically 

significant during any time period21. In the European Lacidipine Study on Atherosclerosis 

(ELSA), ABPM was performed at study entry and at yearly intervals over a 4-year period 

in 1,523 hypertensives who were randomized into CCB (lacidipine) or β-blocker 

(atenolol) treatment groups. It was observed that the standard deviation of SBPV and 

DBPV during the 24-hour, daytime, and nighttime periods were progressively lower 

throughout the 4-year period with treatment. But, similar to findings from the Syst-Eur 



 
 

38 
 

trial, when BPV was quantified using the coefficient of variation there were no treatment-

induced changes in BPV156. From these findings that the standard deviation of BPV is 

reduced, while conversely the coefficient of variation of BPV is unchanged or even 

increased with antihypertensive drug treatment, two conclusions have been inferred. 

First, the treatment-induced changes in mean BP levels may be the major determinant of 

changes in BPV reduction as it was observed that BPV is proportional to reductions in 

mean BP156. Secondly, the lack of reduction in BPV by some antihypertensive treatment 

regimens might be one of the factors responsible for the lack of complete reversal of 

cardiovascular risk in treated hypertensive patients155.  

 Recently, some have challenged the validity of these study findings15. From a 

statistical view point, it has been argued that it is not valid to assess the reduction in BPV 

independent of mean BP using a robust division like that which occurs in the calculation 

of coefficient of variation because some statistical efficiency will be lost. Instead, it has 

been proposed that mean BP should be accounted for in multivariate statistical models. 

Second, from a prognostic view point, nearly all studies that have reported relationships 

between BPV and cardiovascular morbidity or mortality used standard deviation to 

quantify BPV. Thus, the prognostic value of BPV calculated using the coefficient of 

variation is very limited. In accordance with these recommendations, Zhang et al. 

analyzed 24-hour ABPM data before and after 3-month antihypertensive treatment in 577 

patients enrolled in the Natrilix Slow Release Versus Candesartan and Amlodipine in the 

Reduction of Systolic Blood Pressure in Hypertensive Patients (X-CELLENT) Study, a 

international, randomized, double-blind, placebo-controlled study with 4 parallel 

treatment arms: placebo, CCB treatment (amlodipine), angiotensin II receptor antagonist 
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(ARB) treatment (candesartan), and diuretic treatment (indapamide sustained release). It 

was found that all three active treatments similarly reduced mean BP, whereas 

amlodipine and indapamide sustained release, but not candesartan, significantly reduced 

the time weighted standard deviation in BPV during the 24-hour, daytime, and nighttime 

periods. However, only the reduction in BPV by amlodipine remained significant after 

adjustment for mean BP reduction in multivariate models. Interestingly, it was found that 

the effects of amlodipine on BPV were explained, in part, by a reduction in heart rate 

variability (HRV), suggestive that amelioration of autonomic nervous system regulation 

may play a role in the treatment-induced reduction in BPV, or vice versa15.  

 Corresponding with the findings from Zhang et al. that CCB treatment reduces 

BPV derived from ABPM, Ichihara et al. reported a similar observation in a study that 

evaluated the efficacy of antihypertensive drug treatment on BPV in 100 patients with 

untreated hypertension who were randomly assigned to a CCB (amlodipine) or ARB 

(valsartan) treatment group and were followed up for a period of 12 months. Using 24-

hour ABPM set at a sampling interval of every 30 minutes during the day and every 60 

minutes at night, it was found that the standard deviation in SBPV during the 24-hour and 

daytime periods were significantly reduced in the amlodipine treatment group only, 

despite similar reductions in mean BP in both treatment groups. Moreover, it was found 

that reductions in 24-hour and daytime SBPV were associated with decreases in brachial-

ankle PWV. In multivariate analyses adjusting for mean BP reductions, this relationship 

remained, particularly for the amlodipine group, which could suggest that changes in 

BPV can impact the arterial wall independently of changes in mean BP levels157. Given 

the provocative results of these two recent study findings and the fact that previous study 
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findings have been called into question, it has been proposed that re-analysis of the many 

available databases from large-scale observational studies and randomized clinical trials 

should be conducted to evaluate BPV as a possible new target for intervention158. In 

particular, careful attention may need to be given to CCBs as beat-to-beat assessment of 

24-hour BPV using the Portapres Finger BP monitor has further confirmed the efficacy of 

CCBs in the lowering of BPV over or within 24-hour periods159. 

 In recent years, attention has also been paid to the efficacy of antihypertensive 

drug treatment regimens in the lowering of visit-to-visit BPV. In a retrospective analysis 

of data from 19,257 hypertensive patients enrolled in the ASCOT-BPLA trial by 

Rothwell et al., it was found that CCB treatment (amlodipine-based) and β-blocker 

(atenolol-based) treatment had opposite effects. Visit-to-visit SBPV was reduced in the 

amlodipine-based treatment group, while conversely visit-to-visit SBPV was increased in 

the atenolol-based treatment group. Analysis of an ABPM sub-study of 1,905 patients 

yielded identical treatment effects of amlodipine and atenolol on daytime SBPV160. 

Previous analysis of the ASCOT-BPLA trial showed that amlodipine-based treatment 

was more effective in preventing stroke and coronary events than was the atenolol-based 

treatment, however the reduced event rates in the amlodipine-based treatment group 

could not be fully explained by changes in mean BP or other risk factors161. When visit-

to-visit SBPV was tested, it was found that reduced visit-to-visit SBPV fully accounted 

for the treatment effect of amlodipine in terms of reducing stroke and coronary event 

rates. When daytime SBPV from ABPM was tested, reductions in daytime SBPV partly 

accounted for the reduced risk of vascular events in the amlodipine-based treatment 

group, however reduced visit-to-visit SBPV had a greater effect160.  



 
 

41 
 

To further confirm their study findings, Rothwell et al. re-analyzed data from the 

Medical Research Council (MRC) trial, a trial that investigated the effects of β-blocker 

treatment (atenolol), a diuretic combination treatment (hydrochlorothiazide plus 

amiloride), or placebo in 4,396 elderly patients with hypertension. In this trial, atenolol-

treatment had no effect on stroke risk for the first 2 to 3 years of follow-up despite 

reductions in mean SBP over 10 mmHg compared with placebo, whereas the risk of 

stroke was substantially reduced with diuretic combination treatment162. Re-analysis 

showed that visit-to-visit SBPV was substantially higher in the atenolol-treatment group 

when compared with both the placebo group and the diuretic combination treatment 

group during early phase follow-up (21 months), but these differences were no longer 

present in the later phase follow-up. It was observed that that risk of stroke in the atenolol 

group followed the same time course as the changes in visit-to-visit SBPV. The risk of 

stroke was higher in the atenolol group in the first 2-year follow-up when compared to 

both the placebo group and the diuretic treatment group, but was lower when compared 

to the placebo group after 2-year follow-up when BPV no longer differed. Thus, 

investigators speculated that to prevent stroke most effectively, antihypertensive drugs 

should reduce mean BP without increasing BPV; and ideally should reduce both160. 

 In a simultaneous paper published in conjunction with the above mentioned study 

by Rothwell et al., a systematic review of all randomized controlled trials of 

antihypertensive drugs was conducted whereby baseline and follow-up mean and 

standard deviation of SBP were extracted from trial reports. A total of 389 of 1,372 

eligible trials were found to report both mean and standard deviation of SBP at follow-up. 

Inter-individual (or between-subject) variability of BP in a group of patients on a given 
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antihypertensive treatment was used as a surrogate for visit-to-visit BPV, and was 

expressed as the variance ratio between in-treatment BP variance and baseline BP 

variance. Across all trials, the effects of antihypertensive treatment on inter-individual 

BPV accounted for, in part, the effects of treatment on stroke risk, independent of mean 

BP. Importantly, it was found that the effects of treatment on inter-individual BPV 

accounted for more of the effects of treatment on stroke risk than did mean BP. Analysis 

of drug-class effects showed that CCBs and non-loop diuretics reduced inter-individual 

BPV, whereas β-blockers, ACE inhibitors, and ARBs increased inter-individual BPV; 

with CCBs reducing inter-individual BPV the most compared to the placebo group. It 

was found that the treatment regimen associated with lower inter-individual BPV was 

also associated with a lower incidence of stoke, despite only a small reduction in mean 

BP levels. From these findings the authors concluded that drug-class effects on inter-

individual BPV can explain differences in effects of antihypertensive drugs on stroke risk 

independently of effects on mean BP163. 

 To further elucidate the effects of antihypertensive drug treatment on BPV, and 

determine whether the opposite effects of drugs such as CCBs and β-blockers on visit-to-

visit BPV are dose-dependent and persist in combination with other drugs, Webb & 

Rothwell conducted another systematic review of all randomized controlled trials that 

used a combination of drug classes or different doses of the same drug. It was observed 

that higher dosages of CCBs reduced inter-individual BPV greater than low dosages. 

Conversely, it was found that higher dosages of β-blockers caused greater increases in 

inter-individual BPV than lower dosages. It was thus concluded that combination drug 

treatments containing a low dose of β-blockers will have less adverse effects on BPV and 
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the associated risk of stroke, and that low doses of CCBs will be less effective in 

reducing BPV, hence their use would lead to less reduction in the risk of stroke. It was 

also observed that adding a CCB or diuretic to another antihypertensive drug reduced 

inter-individual SBPV to the same extent as is seen with CCB or diuretic monotherapy. 

Adding other drugs to CCB did not significantly affect SBPV despite a 5.8 mmHg 

reduction in mean SBP. When adding a CCB to a β-blocker, the effect on inter-individual 

BPV was equivalent with the addition of a CCB to any other agent, whereas addition of a 

β-blocker to a CCB did not increase BPV164. These findings would suggest that the use of 

CCBs may partly nullify the detrimental impact of β-blockers on BPV and stroke risk. 

When taken these findings together, it appears that a high dose of CCBs or in 

combination with other antihypertensive drugs could be particularly effective in the 

prevention of stroke by ameliorating visit-to-visit BPV.   

 The works described above could have important implications for routine clinical 

practice and for future research. As shown, both animal and human studies have 

demonstrated that reductions in either ambulatory or visit-to-visit BPV parallel reductions 

in cardiovascular morbidity. It appears that CCBs may be particularly effective in 

reducing both short- and long-term BPV, as reductions in BPV have been demonstrated 

in animal and human studies with CCB-based treatment. Nonetheless, further research is 

required to refine our understanding of the treatment of BPV. First, data on BPV needs to 

be routinely reported in trials. Second, the focus on ambulatory BPV treatment has been 

limited to select populations; studies in younger and/or healthier populations are thus 

needed. Finally, the testing of all drugs should include the assessment of drug effects on 

BPV as well as on mean BP. 
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Efficacy of Non-Pharmacologic Treatment Modalities 

 While antihypertensive drug treatment trials have shown that pharmacologic 

intervention reduces the risk for cardiovascular disease, current antihypertensive 

treatment regimens do not completely eliminate BP-related risk factors and are associated 

with some deleterious side effects. In addition, current antihypertensive treatment 

guidelines currently endorse early non-pharmacologic intervention for patients in the 

early stages of hypertension, more readily termed pre-hypertension, where BP levels 

range from 120 to 139 mmHg for SBP and/or 80 to 89 for DBP30. As a result, interest in 

lifestyle modifications, including physical activity, weight reduction, smoking cessation, 

and dietary modifications, for the treatment and prevention of hypertension has increased 

in the last two decades. Consequently, evidence has accumulated to show that lifestyle 

modifications reduce BP, prevent or delay the incidence of hypertension, enhance 

antihypertensive drug efficacy, and decrease cardiovascular risk among hypertensives30.  

Given the well demonstrated efficacy of lifestyle modifications, studies 

investigating the effects of non-pharmacologic treatment modalities in the lowering of 

BPV are likely to be important. However, to date very few studies have investigated the 

effects of various lifestyle modifications on BPV. In animal studies, a study by Collins et 

al. of SHRs who engaged in daily spontaneous running for 8 weeks showed that beat-to-

beat SBPV and DBPV measured over a 90-minute period were both significantly 

decreased in exercised SHRs when compared to sedentary control SHRs165. In human 

studies, a number of studies have reported conflicting results on the effects of AEXT on 

beat-to-beat BPV measured over a 5- to 10-minute period during supine rest. Some 

studies have reported increases in beat-to-beat BPV while others have reported no change 
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after AEXT166-171. Nonetheless, studies of BPV over a small period of time in a controlled 

research environment, where many of the transient environmental stressors that elicit BP 

fluctuations are controlled for, severely limits the clinical implications of these findings. 

In addition, the prognostic value of BPV has been routinely evaluated using ABPM or 

visit-to-visit BP measurements; therefore BPV measured over a 5- to 10-minute period 

during supine rest carries little prognostic value. To the best of our knowledge, these are 

only studies to report on the effects of any lifestyle modification in the reduction of BPV. 

Thus, studies investigating the efficacy of non-pharmacologic treatment modalities on 

BPV are highly needed. 

 

Summary 

Evidence has accumulated to suggest that measures of short-term BPV over a 24-

hour period and long-term BPV measured from visit-to-visit over a period of days, 

weeks, or months have clinical and prognostic value. Prospective studies have reported 

that ambulatory and visit-to-visit BPV are predictive of organ damage development, 

cardiovascular events, cardiovascular mortality, and all-cause mortality, independent of 

mean BP levels. Evidence from clinical trials has furthermore shown that reductions in 

BPV parallel reductions in cardiovascular risk. Coinciding with clinical findings, animal 

studies have demonstrated that BPV is an important determinant of organ damage and 

have shown that reductions in BPV confer organ protective effects. However, despite the 

mounting evidence implicating BPV as a potential cardiovascular risk factor, scant 

attention has been paid to: (1) the mechanisms by which high BPV may confer a greater 

cardiovascular risk; and (2) the efficacy of non-pharmacologic treatment modalities in the 
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attenuation of visit-to-visit and ambulatory BPV. The proposed study, therefore, is 

clinically relevant because it may provide insight as to a potential mechanism (e.g. 

endothelial health) by which high BPV could confer a greater cardiovascular risk, thereby 

providing direction for the development of medical intervention. Moreover, it will 

provide the first data on the effects of AEXT on visit-to-visit and ambulatory BPV. In 

addition to being the first study to investigate the relationship between BPV and 

endothelial health, and the first to investigate the effects of AEXT on BPV, the proposed 

study is also novel because it will provide some of the first information on the association 

of clinical variables with circulating EMPs in any African American population. As more 

and more evidence accumulates implicating EMPs as both a biomarker of the 

pathological status of the endothelium and a biological effector involved in the 

pathogenesis of cardiovascular disease, research investigating circulating EMPs in high 

risk populations is needed to confirm the relevance of in vitro findings and further 

elucidate the clinical value of EMPs. 

 

Statement of Purpose 

To the best of our knowledge, no previous clinical study has assessed the 

relationship between BPV and measures of endothelial health. When considering that 

impaired endothelial function has been strongly associated with cardiovascular morbidity 

and mortality, we propose that the previously observed associations between high BPV 

and increased cardiovascular risk could be mediated via the impairment of endothelial 

health. The objective of our first study, therefore, was to determine if BPV is associated 

with markers of endothelial injury and endothelial function. 
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Scant attention has also been paid to the ability of non-pharmacologic treatment 

modalities to attenuate BPV.  To the best of our knowledge, no previous study has 

investigated the efficacy of AEXT on visit-to-visit or ambulatory BPV. Therefore, the 

objective of our second study was to investigate the effects of an AEXT intervention on 

indices of short- and long-term BPV. 

 

Specific Aims 

1. Determine the relationship between visit-to-visit and ambulatory BPV with FMD and 

nitroglycerin-mediated dilation (NMD) in African Americans. 

 

2. Determine the relationship between visit-to-visit and ambulatory BPV with levels of 

CD31+CD42−  and CD62+ EMP concentrations in plasma samples obtained from 

African Americans. 

 

3. Determine the effects of a 6-month AEXT intervention on visit-to-visit and 

ambulatory BPV in African Americans.  

 

Hypotheses 

Our working hypothesis as to the mechanisms by which BPV may confer greater 

cardiovascular risk is that augmented mechanical stress placed on the vasculature as a 

result of increased variability of blood flow may induce a subclinical inflammatory 

vascular response which, in turn, could lead to injury to the endothelium and impairment 

of endothelial function. For our first study, it is thus hypothesized that high visit-to-visit 
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and/or ambulatory BPV will be associated with increased circulating EMP levels and 

with decreased FMD, independent of mean BP. 

A number of studies have shown that AEXT ameliorates several BP-control 

mechanisms, including autonomic function and renal function172-174. For our second 

study, it is therefore hypothesized that 6 months of AEXT will attenuate visit-to-visit 

and/or ambulatory BPV, independent of changes in mean BP. 
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CHAPTER 2 

METHODS 

Research Design 

The dissertation study research design is pictured in Figure 3. The study used a 

Pre-Post Study Design after the completion of screening, dietary stabilization, and 

antihypertensive medication tapering by all participants. First, sedentary, putatively 

healthy, middle to older-aged African American men and women were recruited and 

underwent a serious of screening tests to ensure that participants were free of diseases 

and conditions that could confound data interpretation. All qualified participants then 

completed a dietary stabilization period in order to control for the confounding effects of 

variations in dietary intake. Finally, any participants receiving antihypertensive 

monotherapy were tapered off their medication prior to testing. After qualified 

participants underwent dietary stabilization and were medication tapered, all baseline 

testing (24-hour ABPM and urine collection, office BP measurements, forearm 

hemodynamic studies, fasted blood sampling, exercise testing, and ultrasound imaging of 

the common carotid artery) were conducted. Upon the completion of baseline testing, 

participants engaged in a 6-month AEXT intervention under the direct supervision of 

laboratory personnel. At the conclusion of the 6-month intervention, participants repeated 

all baseline tests.  

 

Recruitment and Screening 

African American men and women within the city of Philadelphia and the 

surrounding communities were recruited via mailed brochures and local newspaper  
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advertisements. On response to either, participants were contacted by laboratory 

personnel via telephone to assess their eligibility. Participants were required to be 40-75 

years of age, sedentary (self-reported regular aerobic exercise < 2 days per week), non-

diabetic, non-smoking, have a clinic BP < 160/100 mmHg (i.e. not stage II hypertensive), 

and have no history of cardiovascular disease, hypercholesterolemia, renal disease, or 

lung disease. Participants on lipid lower medications, medications that effect 

cardiovascular or renal hemodynamics, or who were on more than one antihypertensive 

medication were excluded from the study. Both pre-menopausal and post-menopausal 
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Figure 3. Study Research Design. 
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(absence of menses for > 2 years) women were included in the study; all post-menopausal 

women were required to continue their hormone replacement therapy, either on or off it, 

for the duration of the study.  

These inclusion criteria were used to create a more homogeneous group of 

middle- to older-age African Americans who were at low-to-moderate risk for 

cardiovascular disease, but who were otherwise putatively healthy. The age range of 40-

75 were studied because this range represents a segment of the population who are at a 

higher risk of developing cardiovascular disease where preventive measures could have a 

large impact. 

 

Orientation Visit 

Participants that appeared to meet the inclusion criteria were scheduled for an 

orientation visit and mailed a medical history questionnaire. At the orientation visit 

participants had the study explained to them and had their medical history reviewed to 

determine if they had any criteria that would exclude them from the study. Written 

informed consent (see Appendix A) was obtained from all participants after the entire 

study and its risks and hazards were discussed and all of the participant’s questions had 

been answered. After attending the orientation visit, all qualified participants were 

scheduled for screening visit #1. 

 

Screening Visit #1 

At the first screening visit a blood sample was drawn following a 12-hour 

overnight fast to assess blood chemistries and a urine sample was collected for urinalysis. 
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Participants were excluded if they had fasting glucose >126 mg/dL or total cholesterol 

>240 mg/dL. Estimated glomerular filtration rate (eGFR) was calculated using the 

Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation specific to 

African Americans175. Any participant who exhibited evidence of renal disease (eGFR < 

60 ml min–1 per 1.73m2) was excluded from the study. 

 

Screening Visits #2 and #3 

A physical and cardiovascular examination (screening visit #2) were administered 

by the study cardiologist to confirm that the participant displayed no signs of 

cardiovascular, pulmonary, or other chronic disease. Following a successful physical 

exam, participants completed an echocardiogram bicycle stress test (screening visit #3) at 

Temple University Hospital on a separate day. Participants were required to have a < 2 

mV ST-segment depression and have no cardiovascular signs/symptoms at rest and at 

three different exercise workloads (25, 50, and 75 W) during the bicycle stress test to be 

included in the study. 

Dietary Stabilization 

In order to rule out the confounding effects of variations in dietary intake and to 

examine the effects of AEXT on BPV independent of dietary changes, participants who 

met all inclusion criteria after screening underwent dietary stabilization for 6 weeks prior 

to testing. Participants met with a Registered Dietician once a week for six consecutive 

weeks at which time they were instructed on how to eat according to the American Heart 

Association (AHA) Dietary Guidelines for Healthy Adults, a diet formerly known as the 

AHA Step 1 diet176. This diet consists of ~55% of total daily calories from carbohydrates, 
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15% from protein, and < 30% from fat; with saturated fat ≤ 10% of total calories, sodium 

content ≤ 2.4 g per day, and cholesterol intake < 300 mg per day. All participants were 

required to remain on the diet for the duration of the study. Compliance to the prescribed 

diet was monitored by completion of a 3-day food record at the conclusion of dietary 

stabilization and bi-monthly thereafter. All participants underwent baseline testing at 

minimum 1-2 weeks after dietary stabilization. 

 

Antihypertensive Medication Tapering 

Any participant receiving antihypertensive monotherapy was tapered off their 

medication under the direct supervision of the study cardiologist. Medication tapering 

participants were given a home BP monitor to measure their BP two times daily (morning 

and evening), which they logged and reported to lab personnel by telephone. If a 

participant’s systolic or diastolic BP was > 159 or > 99 mmHg, respectively, for 3 

consecutive days, medication therapy was immediately resumed and the participant was 

excluded from further participation in the study. Medications were withdrawn for a 2-

week washout period, at minimum, before baseline testing. 

 

Exercise Testing 

A sub-maximal exercise test was performed to determine participants’ 

cardiovascular fitness and to develop individualized exercise prescriptions for the AEXT 

intervention. A modified Bruce sub-maximal treadmill exercise test was performed with 

oxygen consumption (VO2) measured by continuous collection of breath-by-breath gas 

samples using a calibrated metabolic cart (Vmax Encore, SensorMedics, Yorba Linda, 
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CA). Electrocardiogram (ECG) was continuously monitored and the treadmill test was 

terminated when the participant reached 75 to 80% of their estimated heart rate (HR) 

reserve. A standard regression formula using data collected by indirect calorimetry (VO2 

averaged over each 60-second period) and ECG (minute HRs) were used to predict 

VO2max, a measure of cardiovascular fitness, as recommended by the American College 

of Sports Medicine Guidelines for Exercise Testing and Prescription177. Briefly, this 

formula uses minute HR values extrapolated to age-predicted maximal HR values to 

predict a person’s VO2max had they reached their maximum HR. 

 

24-hour Ambulatory Blood Pressure Monitoring 

Participants underwent 24-hour ABPM using a non-invasive BP monitor 

(SpaceLabs Medical Inc., Model 90219, Redmond, WA) beginning in the morning of 

each participant’s typical day (i.e. work day/non-vacation day). Monitoring was not 

conducted on Friday, Saturday, or Sunday in order to control for atypical days that would 

be difficult to repeat post-AEXT. On the morning of ABPM set up, the participant was 

fitted for the appropriate cuff size on their non-dominant arm and was instructed on the 

proper placement of the cuff in the event of cuff removal (permitted only during bathing). 

Participants were given written and verbal instructions on pausing and maintaining arm 

and body position during BP measurement. Exercise was not permitted during the 

monitor session. Throughout the duration of the recording period, participants were 

required to maintain a diary in which they recorded their activity and emotional status at 

the time of each BP measurement. Following AEXT, participants were given a copy of 
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their activity record obtained during the baseline monitoring session and were instructed 

to repeat it as closely as possible. 

Measurements were made at 30-minute intervals from 6:00 AM to 10:00 PM and 

at 60-minute intervals from 10:00 PM to 6:00 AM. Although the most suitable protocol 

to measure BPV would be to measure BP every minute of the day, we selected a 30-

minute interval during the day and a 60-minute interval at night for several reasons. First, 

Agarwal & Light have shown that ABPM significantly reduces participant activity during 

monitoring, suggestive of an experimental effect that could influence participant 

behavior/activity17. Therefore, we selected our sampling intervals in an effort to minimize 

such effects and prevent impedance on each participant’s everyday lifestyle. Second, 

several studies have noted a waking effect caused by ABPM during nighttime sleep as 

cuff inflation has been associated with increased sleep disturbance and wakefulness17, 178-

180. Thus, we selected our nighttime sampling interval in an effort to reduce the ABPM 

waking effect. Finally, the Ohasama study, the first to show a relationship between BPV 

from ABPM and cardiovascular mortality, used a 30-minute interval to demonstrate an 

association between daytime BPV and cardiovascular mortality11. In order to compare 

study findings, we selected the same 30-minute time interval during the daytime period. 

Upon completion of the 24-hour ABPM session, participants completed a 

questionnaire pertaining to the quality of sleep during monitoring. Sleep BP measures 

were not considered for analyses if the participant reported waking during the night and 

had difficulty falling asleep again. Data was transferred from the monitor to a laboratory 

computer for analysis using the SpaceLabs analysis software package where values 

outside of the normal physiological range are automatically edited by the analysis 
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software (BP > 260/150 mmHg, pulse pressure >150 mmHg, and heart rate >200 

beats/min). Only recordings of good technical quality (≥ 80% of valid BP measurements) 

were included in final analyses. 

 

Analysis of Ambulatory Blood Pressure Monitoring Data 

Awake and sleep periods were defined according to self-reported sleep times 

recorded in participants’ diaries. Awake, sleep, and 24-hour mean values were calculated 

for SBP, DBP, mean arterial pressure (MAP), HR, and pulse pressure (PP). SBPV,  

DBPV, MAP variability (MAPV) and HRV were calculated in three time frames (awake, 

sleep, and 24-hour periods) using time-weighted standard deviation (wSTD) and the 

average real variability index (ARV). The wSTD was calculated as measure of variability 

around the mean, while the ARV index was calculated as a measure of time series 

variability from measurement to measurement that is independent of the mean. The ARV 

index is calculated according to the formula first described by Mena et al.181: 
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where N is the number of valid BP measurements during the given time period (day, 

night, or 24 hours) and 1+kBP  and kBP  represent two successive BP measurements. The 

rationale for selecting the ARV index for BPV calculations is based on previous studies 

that have reported the ARV index to be a more reliable representation of time series 

variability than standard deviation, which is less sensitive to the low sampling frequency 
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of ABPM181, 182. Furthermore, unlike standard deviation or coefficient of variation, this 

measure takes into account the order of the measurements by quantifying the absolute 

differences between successive readings, thus ARV is considered to be a measure of 

short-term changes in BP, independent of the mean. In contrast, standard deviation is 

influenced by changes over hours and gives more weight to extreme values; and therefore 

is more sensitive to instability in BP related to specific stressors. Because standard 

deviation has been more frequently studied as index of BPV and because of its apparent 

sensitivity to specific stressors, we chose to include it as a secondary measure of BPV.   

The wSTD in BPV was calculated according to the methods described by Bilo et 

al183 whereby the standard deviation during the awake and sleep periods were corrected 

for the number of hours in each of these time-periods according to the following formula: 

 

( )
24

8)16( ×+×
=

sleepSTDawakeSTDwSTD  

 

where STD represents standard deviation and 16 and 8 are the number of hours included 

in the awake and sleep time-periods, respectively. The rationale for calculating wSTD 

instead of the conventional standard deviation in 24-hour BP is based off of previous 

reports that have shown that the nocturnal fall in BP largely influences the standard 

deviation in 24-hour BP184. The association between the two different measures of 

variability (ARV and wSTD) during the 24-hour period is presented in appendix B-1.  
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24-Hour Urine Collection 

24-hour urine collection occurred on the same day as ABPM. Total volume of 

urine was measured and recorded; thereafter urine samples were sent to Quest 

Diagnostics for measurement of urinary sodium (Na+), creatinine, and albumin excretion. 

The urinary albumin:creatinine excretion ratio (UACR) was quantified as an index of 

renal damage. Urinary analysis of Na+ excretion was used to confirm that participants 

were meeting the Na+ intake criteria of the prescribed AHA diet. We assumed that 24-

hour urinary Na+ excretion is equivalent to 86% of the daily sodium intake, as reported 

by Korhonen et al185.  

 

Office BP Measurements 

Office BP measurements were made in accordance with JNC 7 guidelines by 

laboratory personnel on three separate visits. BP measurements were measured using a 

mercury sphygmomanometer after 5-minutes of quite rest in a chair, with feet on the 

floor and arm supported at heart level. An appropriate size cuff was determined by upper 

arm circumference. BP values were identified from the first and fifth phase of Korotokoff 

sounds. For each visit, BP measurements were performed in triplicate, 5 minutes apart, 

and the average of the three values was be used as the BP for the visit. ARV (primary 

measure) and standard deviation (STD; secondary measure) of BP across the three office 

visits were calculated to evaluate visit-to-visit variability in SBP and DBP. The 

association between the two different measures of variability (i.e. ARV and STD) from 

visit-to-visit is presented in appendix B-2 
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Brachial Artery Ultrasound Assessment of Forearm Hemodynamics 

Brachial artery diameter was measured in response to increased flow (FMD) and 

in response to nitroglycerin (NMD); measures of endothelial-dependent and smooth 

muscle-dependent function, respectively, according to the methods described by Corretti 

et al.186. All measurements were performed in the morning following an overnight fast 

during which time participants refrained from food, drink (with the exception of water), 

caffeine, alcohol, anti-histamine and anti-inflammatory medications. A 7.5-MHz linear 

phased array ultrasound transducer attached to a Sonos 5500 ultrasound machine (Philips 

Medical Systems, Bothell, WA, USA) was used to image the brachial artery 

longitudinally. ECG was continuously monitored. All measurements of brachial artery 

diameter and blood velocity were taken after at least 10 minutes of lying in the supine 

position by a trained cardiologist in a quiet and dim room at controlled ambient 

temperatures (20–26° C). The participant’s right arm was comfortably immobilized in the 

extended position to allow for ultrasound scanning of the brachial artery 5 to 10 cm 

above the antecubital fossa. Simultaneous Doppler measurements for blood velocity and 

2D ultrasound imaging for right brachial artery diameter were continuously recorded for 

2 minutes at baseline. After recording of baseline images, reactive hyperemia was 

induced by distal occlusion of the vessel using a cuff inflated to suprasystolic pressure 

(200mmHg) for 5 minutes on the right forearm, distal to the antecubital fossa. Although 

there is no consensus as to whether proximal or distal occlusion of the brachial artery is 

more accurate or precise in the assessment of endothelial-function, the rationale for 

selecting distal forearm occlusion is based off of a previous finding that the FMD 

response to upper arm occlusion may not be entirely endothelial-dependent187. Six 
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measurements of diameter were recorded immediately after and 1-minute, 2 minutes, 3 

minutes, 4 minutes, and 5 minutes post-cuff release at a fixed distance from an anatomic 

marker at the end of diastole. After at least 15 minutes of rest, new baseline images were 

obtained and a 0.4mg nitroglycerin tablet was given sublingually to assess smooth 

muscle-dependent vasodilation. Images were recorded immediately after nitroglycerin 

administration and 1-minute, 2 minutes, 3 minutes, 4 minutes, and 5 minutes post-

nitroglycerin administration.  

 

Data Analysis of Forearm Hemodynamics Studies 

Offline analyses of brachial artery diameter and blood velocity were performed by 

trained personnel blinded to image sequence and participants’ clinical data. Arterial 

diameter was measured from the anterior to the posterior ‘m’ line (the interface between 

media and adventitia) at end-diastole, incident with the R-wave on the ECG. FMD and 

NMD were calculated as the absolute diameter (mm) and the relative (%) increase in 

diameter from baseline at each time-point. Peak % increases in diameter (%FMDpeak and 

%NMDpeak) and the 5-min time-course area under the curve (AUC; FMDAUC and 

NMDAUC) are reported as measures of endothelial and smooth muscle function. The AUC 

was calculated using the trapezoid rule and is reported in arbitrary units188. As an 

additional index of endothelial function, the ratio of response to intrinsic NO/response to 

exogenous NO (FMD/NMD ratio) was calculated using the peak % increase in diameter 

from FMD and NMD in order to correct for vascular smooth muscle function in each 

participant.  
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Common Carotid Ultrasound Assessment 

On the same day as forearm hemodynamic studies, the carotid arteries were 

evaluated with 2D high-resolution B-mode ultrasonography using an 8 MHz transducer 

to identify the two arterial interfaces (lumen-intima and media-adventitia) necessary for 

measuring intima-media thickness189.  The examination was performed bilaterally on the 

extracranial carotid artery segments.  These segments are the distal straight 1cm of the 

common carotid arteries, the carotid bifurcations, and the proximal 1cm of the internal 

carotid arteries.  One longitudinal image of the common carotid artery and three 

longitudinal images of the internal carotid artery were acquired. The maximal intima-

media thickness of the common carotid artery and of the internal carotid artery was 

defined as the mean of the maximal intima-media thickness of the near and far wall on 

both the left and right sides.  

 

Circulating EMP Measurement 

Circulating EMPs were quantified using a method we have previously 

described151, 190. A venous blood sample was obtained from the antecubital vein in the 

morning following an overnight fast.  Samples were collected into EDTA vacutainer 

tubes using a 21-gauge needle and were centrifuged at 2,000 g for 20 minutes at 4°C 

immediately after collection to separate plasma from whole blood. Plasma samples were 

then stored at -80°C until measurement. On the day of analysis, two sequential 

centrifugation steps were used to reduce background signals contributed by plasma 

proteins and residual contaminating/unwanted cells, and to concentrate microparticles in 

order to improve the signal-to-noise ratio during flow cytometric analysis. First, plasma 
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samples were thawed at room temperature and centrifuged at 1500 g for 20 minutes at 

room temperature to obtain platelet poor plasma (PPP). The top two-thirds volume of 

PPP were then transferred to a new tube and further centrifuged at 1500 g for 20 minutes 

at room temperature to obtain cell free plasma191. The supernatant was used for 

microparticle analysis. A volume of 100 μl supernatant was incubated with 

fluorochrome-labeled antibodies for 20 minutes at room temperature in the dark and then 

was fixed by adding 93 μL of 10% formaldehyde. The mixture was protected from light 

and incubated while being gently mixed for 20 minutes using a shaker. Two different 

antibody combinations were used to distinguish between EMP subpopulations: CD31-

phycoerythrin (PE, 20 μl per sample) with CD42b-fluorescein isothiocyanate (FITC, 20 

μl per sample); and CD62E-PE (15 μl per sample) alone. All antibodies were obtained 

from BD Biosciences. After antibody incubation, samples were diluted with 500 ml of 

0.22 μm double-filtered PBS before flow cytometric analysis. Two additional samples 

were also prepared to serve as negative controls and as a calibration. For the negative 

control tube, 733 μL of PBS was added to one tube. To prepare the calibrator sample, two 

drops of 0.9 μm standard precision NIST traceable polystyrene particle beads 

(Polysciences Inc, Warrington PA) was added to PBS according to the manufacturer’s 

instructions. All samples were immediately analyzed by flow cytometry. 

 Samples and controls were analyzed using a BDLSRII flowcytometer (BD 

Biosciences, San Jose, CA) and BD FACSDIVA software (v 1.2.6; BD Biosciences). 

There is no consensus on the threshold level setting which determines the smallest size 

microparticle analyzed, therefore we set the threshold levels based on the number of 

background events per second when double-filtered PBS is passed through the flow 
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cytometer as reported by Orozco and Lewis192. The upper limit gate was determined 

using 0.9 μm standard beads. Forward scatter scale, side scatter scale, and each 

fluorescent channel were set in logarithmic scale. Events included in the set gate (< 1.0 

μm) were identified in forward and side scatter intensity dot representation and plotted on 

2-color fluorescence histograms. CD31+ CD42− or CD62E+ events < 1.0 μm were 

defined as EMPs. Fluorescence minus one control and non-stained samples were used to 

discriminate true events from noise, and to increase the specificity for microparticle 

detection for each sample. The flow rate was set on medium on LSRII and all samples 

were run for 180 seconds. Using beads, we calculated that, on medium flow rate, a mean 

sample volume of 101 μl per 180 seconds is processed. EMPs were expressed as events 

per μl plasma using the following formula (Example for CD31+ CD42− events): 

 

PPP ofAmount
SampleofVolume Total

AnalyzedSample ofVolume
events-CD42CD31 ofNumber plasmalper EMP ×

+
=µ  

 

where the total sample volume equals 733 μl for CD31+ CD42− (100 μl PPP stained with 

20 μl CD42b-FITC and 20 μl of CD31-PE, diluted with 500 μl PBS, and 93μl 

formaldehyde) and  713 μl for CD62E (100 μl PPP stained with 20 μl CD62E, diluted 

with 500 μl PBS, and 93μl formaldehyde) stained antibodies, the volume of the sample 

analyzed by the flow cytometer in 180 s equals 101 μl; and the amount of PPP used for 

the analysis is 100 μl.  
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Exercise Training 

Participants engaged in a 24-week AEXT program under direct supervision of lab 

personnel 3x/week, beginning with 20 minutes of exercise/session at 50% of VO2max. 

Training duration was then increased by 5 minutes each week until 40 minutes of 

exercise at 50% of VO2max was reached. Training intensity was then increased by 5% 

each week until 65% of VO2max was achieved. At week 8, participants reached the desired 

exercise duration and intensity of 40 min at 65% of VO2max, which they then exercised at 

for the remainder of the study.  The gradual progression of training duration and intensity 

was used in order to avoid excessive fatigue and musculoskeletal complaints, thereby 

maximizing adherence. The exercise intensity was selected based on a previous review 

article by Hagberg et al. who showed that low-to-moderate aerobic exercise is just as, if 

not more, effective as higher intensity training for reducing BP in hypertensive patients. 

Most notably, these authors demonstrated that studies using training intensities < 70% of 

VO2max had approximately a 50% greater reduction of SBP than studies with training 

intensities ≥ 70% of VO2max
193. To monitor their exercise intensity, participants were 

instructed on how to use wrist HR monitors. Exercise modes included treadmill 

walking/jogging, stairstepping, cycling, rowing ergometry, arm ergometry, and elliptical 

cross-training. Study personnel recorded participants’ exercise HR, exercise duration, and 

mode of exercise in printed logs to ensure adherence to the exercise training program. At 

week 12, participants completed a second sub-maximal treadmill exercise test to adjust 

their exercise prescription in order to account for changes in their cardiovascular fitness. 
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Final Testing 

Upon the completion of the AEXT intervention, participants provided a 3-day 

food record to ensure compliance to the prescribed AHA diet. All final testing was 

performed at least 24 to 36 hours after the participant’s last exercise session in order to 

control for the acute effects of exercise on hemodynamic and biochemical variables. 

Final testing included: 24-hour ABPM and urine collection, fasted blood sampling, 

forearm hemodynamic studies, carotid ultrasound imaging, and sub-maximal graded 

exercise testing.  

 

Statistical Analyses 

Descriptive statistics, including means and standard errors, were computed for 

each variable. Normal quantile plots were used to detect outliers or extreme deviations 

from normal. The distribution of all variables was examined using the Shapiro–Wilk test 

of normality. Because several primary measures including visit-to-visit and ambulatory 

BPV, CD31+CD42− EMPs, CD62+ EMPs, FMDpeak, and NMDpeak were skewed, 

statistical analyses were conducted using non-parametric methods when appropriate. All 

primary analyses used ARV as the index of BPV for office and ABPM measurements. 

The 24-hour period was selected as the primary time period for ABPM analyses because 

focusing on awake or sleep BPV alone would neglect the BPV occurring during the 

awake or sleep periods, both of which have been demonstrated to have independent 

prognostic information. 
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Statistical Analyses for Study #1 

Among 83 initially enrolled participants, 11 participants were excluded from all 

analyses due to ABPM of poor technical quality. The remaining 72 participants with 

successful ABPM comprised the study group. Of the 72 participants, 8 participants did 

not have office BP measures on 3 separate visits and were excluded from all analyses of 

visit-to-visit BPV. For EMPs measures, 15 participants and 12 participants did not have 

CD31+CD42- and CD62+ EMP measures, respectively, due to blood specimens not 

collected or because quantification of EMPs in collected samples had not been conducted 

at the time of analysis. For vascular function measures, 7 participants were missing data 

for FMD and NMD assessments due to inability to schedule participants for testing. 

Among the 65 participants who underwent forearm hemodynamic studies, 19 participants 

and 12 participants were excluded from FMD and NMD analyses, respectively, because 

non-usable ultrasound images were obtained at 1 or more of the time points. Only 

subjects with usable ultrasound images at every time point were included for FMD and 

NMD analyses. The final numbers of participants for evaluating the primary dependent 

variables were 57 participants for CD31+CD42−  EMPs, 60 participants for CD62+ 

EMPs, 46 participants for FMD measures, and 53 for NMD measures.  

Participants were classified into groups according to their SBPV and DBPV. Any 

participant at or above the median value for the BPV measure were classified as having 

high BPV, while any participant below the median for the BPV measure were classified 

as having low BPV. Comparisons between groups were tested using the Mann-Whitney 

U test for continuous variables and Pearson’s χ2-test for dichotomous variables. To 

further investigate differences in endothelial-dependent and smooth-muscle dependent 
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vasodilation, two-way repeated measures analysis of variance (ANOVA) examining the 

main effects of time (immediate, 1-minute, 2 minutes, 3 minutes, 4 minutes, and 5 

minutes) and BPV group (high vs. low) on time-course FMD and NMD were run using 

Huynh-Feldt or Greenhouse-Geisser correction as appropriate. All FMD and NMD 

measures were log transformed for ANOVAs to account for non-normal distribution. 

Repeated measures analysis of covariance (ANCOVA) were conducted when significant 

main effects were identified with repeated measures ANOVA. Age, gender, BMI, and 

mean BP were inserted as covariates. For all BPV group main effects tested, the 

corresponding mean BP value was entered into each model (for example, if the main 

effect of 24-hour DBPV group was tested, the model was adjusted for 24-hour SBP and 

DBP). Post-hoc comparisons were conducted using the Mann-Whitney U test.  

The univariate relationship of each clinical, demographic, biohumoral, and BPV 

variable with FMD (peak and AUC), NMD (peak and AUC), the FMD/NMD ratio, 

CD31+CD42− EMPs, and CD62+ EMPs were tested with Spearman’s rank correlation 

coefficient (rs). All variables significantly associated with a measure of vascular function 

in univariate analyses was then inserted separately into a multivariable regression model 

containing variables known to impact vascular function: age, gender, BMI, mean SBP 

and mean DBP (model 1). For all BPV indices entered into the model, the corresponding 

mean BP value was entered into each model (for example, if the independent variable for 

a given model was a visit-to-visit BPV variable, the model was adjusted for office SBP 

and office DBP). Each model was evaluated for multicollinearity among variables using 

the variance inflation factor. The variance inflation factor was < 5 for all models (range: 

1.099-3.499). In order to account for potential differences in arterial stiffness, PP (office 
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or 24-hour) was also included in multivariable models. However, because collinearity 

existed between mean PP and mean SBP and DBP, separate multivariable models were 

run for PP, with mean SBP and DBP excluded (model 2: age, gender, BMI, PP). P-values 

< 0.05 were considered statistically significant for all analyses. P-values were not 

adjusted for multiple comparisons. Statistical analyses were performed using SPSS 

version 19.0 (SPSS, Chicago, IL, USA). 

 

Statistical Analyses for Study #2 

Among 37 participants who completed the 6-month AEXT intervention, 4 were 

excluded from analyses due to having both ABPM of poor technical quality and 

incomplete sets of office BP measurements pre- or post-AEXT. The remaining 33 

participants with either successful ABPM or complete sets of office BP measurements 

comprised the final study group. Of the 33 participants, 14 participants did not have 

office BP measures on three separate visits either pre- or post-AEXT, and were excluded 

from all analyses of visit-to-visit BPV. For ABPM, 1 participant did not have ABPM of 

good technical quality both pre-AEXT and post-AEXT. The final numbers of participants 

for evaluating the primary outcome variables were 32 participants for 24-hour BPV and 

19 participants for visit-to-visit BPV. 

Pre- and post-AEXT variables were compared using the paired samples 

Wilcoxon’s signed ranks test. To further test the primary outcome variables (e.g. BPV) 

after adjustment for covariates, one-way repeated measures ANCOVA was conducted 

with the following covariates we hypothesized could influence changes in BPV: change 

in (Δ) BMI, Δ mean BP, and Δ self-reported sleep time. For all BPV indices tested, the 
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corresponding mean BP value was entered into each model (for example, if the 

independent variable for a given model is a 24-hour DBPV variable, the model was 

adjusted for 24-hour DBP). Gender and menopause status were further tested as 

covariates in a separate model. All non-normally distributed data were log transformed 

for ANCOVA analyses. Absolute change variables were calculated for each outcome 

variable as: (postAEXT value – preAEXT value). To identify potential factors that may 

affect changes in BPV, univariate analyses using Spearman’s Rank correlation coefficient 

were conducted to examine the association between the change in BPV and the change in 

other clinical variables. Linear regression was also used to determine if dichotomous 

variables (gender, menopause status) predicted change in BPV.  P-values < 0.05 were 

considered statistically significant for all analyses. P-values were not adjusted for 

multiple comparisons. Statistical analyses were performed using SPSS version 19.0. 
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CHAPTER 3 

RESULTS 

Study#1: Baseline Analyses 

Study population demographics and clinical characteristics 

The study population consisted of 72 African Americans, including 12 males 

(16.7%) and 60 females (83.3%). At enrollment, 17 participants (23.6%) were receiving 

antihypertensive monotherapy and 31 females self-reported being post-menopausal 

(51.7% of enrolled females). According to 24-hour Na+ excretion levels, only 38 

participants (52.7%) were in compliance with the prescribed AHA diet. There were no 

differences between participants who did or did not meet Na+ intake requirements for all 

measures of 24-hour BPV, visit-to-visit BPV, EMP markers, FMD, or NMD. 

The detailed demographic and clinical characteristics of the entire study group are 

presented in Table 1. Mean age was 51.7 ± 0.7 years and mean BMI was 32.7 ± 0.6 

kg/m2. According to World Health Organization (WHO) criteria, 68.1% (n = 49) of the 

study population were obese. Office and ABPM parameters for the entire study group are 

presented in Table 2. The mean office SBP and DBP were 126.7 ± 1.5 mmHg and 81.1 ± 

1.0 mmHg, respectively.  Of the 72 participants, 24 (33.3%) were normotensive (Office 

BP < 120/80 mmHg), 32 (44.4%) were pre-hypertensive (Office BP ≥ 120/80 and < 

140/90 mmHg), and 15 (20.8%) were hypertensive (Office BP ≥ 140/90 mmHg). The 

mean duration between visits 1 and 2 was 12 ± 2 days. The mean duration between visits 

2 and 3 was 14 ± 3 days. For ABPM, mean 24-hour SBP and DBP were 128.0 ± 0.5 

mmHg and 78.9 ± 1.1 mmHg, respectively. According to AHA criteria194, 27 participants 

(37.5%) had abnormal 24-hour BP levels (24-hour BP ≥ 135/85 mmHg). The mean  
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Variable Mean ± S.E.
Age (Years) 51.7 ± 0.7
Male (%) 16.7
Post-Menopause (%) 51.7
Total Cholesterol (mg/dl) 194.8 ± 2.9
Triglycerides (mg/dl) 89.1 ± 4.2
HDL-C (mg/dl) 64.2 ± 2.2
LDL-C (mg/dl) 112.7 ± 2.8
Fasting Glucose (mg/dl) 95.8 ± 1.1
CRP (mg/L) 3.8 ± 0.4
Weight (kg) 91.3 ± 1.9
BMI (kg/m2) 32.7 ± 0.6
VO2max (ml/kg/min) 25.4 ± 0.6
eGFR (ml/min per 1.73m2) 94.5 ± 1.7
Na+ Excretion (mmol/gCr) 87.5 ± 4.0
UACR (mg/g) 8.5 ± 2.0
CCIMT (mm) 0.62 ± 0.02
CD31+CD42− EMPs/μL plasma 3.0 ± 0.3
CD62+ EMPs/μL plasma 32.2 ± 2.9
Baseline BA Diameter - FMD (mm) 0.34 ± 0.01
%FMDpeak 8.2 ± 0.5
FMDAUC 21.5 ± 2.1
Baseline BA Diameter - NMD (mm) 0.35 ± 0.01
%NMDpeak 21.3 ± 1.6
NMDAUC 64.6 ± 3.6
FMD/NMD Ratio 0.40 ± 0.03

Table 1: Demographics and Clinical Characteristics for 
Whole Study Group.

AUC, area under curve; BA, brachial artery; BMI, 
body mass index; CRP, C-reactive protein; CCIMT; 
common carotid intima media thickness; eGFR, 
estimated glomerular filtration rate; EMPs; 
endothelial microparticles; FMD, flow-mediated 
dilation; HDL-C, high density lipoprotein cholestero; 
LDL-C, low density lipoprotein cholesterol; NMD, 
nitroglycerin-mediated dilation; UACR, urinary 
albumin/creatinine ratio.
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number of blood pressure readings per participant during 24-hour ABPM was 37.5 ± 0.3 

readings. The mean number of readings during the awake and sleep periods were 30.6 ± 

0.4 readings and 7.0 ± 0.2 readings, respectively. The mean self-reported sleep time was 

6.7 ± 0.2 hours.  

Variable Mean ± S.E.
Office BP Measures

SBP (mmHg) 126.7 ± 1.5
DBP (mmHg) 81.1 ± 1.0
PP (mmHg) 45.6 ± 0.9
Hypertension (%) 20.8
SBPVARV (mmHg) 5.0 ± 0.4
DBPVARV (mmHg) 3.8 ± 0.3
Days between visits 1 and 2 12.4 ± 2.2
Days between visits 2 and 3 14.8 ± 3.5

ABPM Measures
24- hr SBP (mmHg) 128.0 ± 1.5
24- hr DBP (mmHg) 78.9 ± 1.1
24- hr MAP (mmHg) 95.9 ± 1.2
24-hr HR (bpm) 76.7 ± 1.1
24- hr PP (mmHg) 49.1 ± 0.9
24-hr SBPVARV (mmHg) 8.9 ± 0.2
24-hr DBPVARV (mmHg) 8.0 ± 0.2
24-hr MAPVARV (mmHg) 8.2 ± 0.2
24-hr HRVARV (bpm) 7.7 ± 0.3
Self-Reported Sleep Time (Hours) 6.7 ± 0.2

Table 2: Office and ABPM Parameters for Whole Study 
Group.

ARV, average real variability; BP, blood pressure; 
DBP, diastolic blood pressure; DBPV, diastolic blood 
pressure variability; HR, heart rate; HRV, heart rate 
variability; MAP, mean arterial pressure; MAPV, 
mean arterial pressure variability; MAPV, mean 
arterial pressure variability; PP, pulse pressure; SBP, 
systolic blood pressure; SBPV, systolic blood pressure 
variability.
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Relationship between 24-hour BPV and Visit-to-Visit BPV 

Table 3 shows the Spearman’s correlation coefficients for the relationship 

between measures of 24-hour BPV and visit-to-visit BPV. There was a significant 

positive association between 24-hour SBPVARV and visit-to-visit DBPV quantified using 

either ARV (p = 0.02) or STD (p = 0.03). A significant positive association was also 

found between 24-hour MAPVARV and visit-to-visit DBPV quantified using either ARV 

(p = 0.04) or STD (p = 0.03). All remaining associations were not statistically significant, 

however a trend for an association was observed between 24-hour DBPVARV and visit-to-

visit DBPV quantified using either ARV (p = 0.07) or STD (p = 0.09); and between 24-

hour DBPVwSTD and visit-to-visit SBPVARV (p = 0.09).  

 

 

 

24-hour BPV Group Comparisons 

Comparisons between low and high 24-hour SBPVARV for selected clinical 

characteristics, BP parameters, and vascular function measures are shown in Table 4.  

Participants with high 24-hour SBPVARV had significantly higher visit-to-visit DBPVARV 

(p = 0.02) and 24-hour HR (p = 0.03) when compared to participants with low 24-hour 

Table 3. Correlation between visit-to-visit BPV and 24-hour BPV.
Visit-to- Visit SBPVARV Visit-to- Visit DBPVARV Visit-to- Visit SBPVSTD Visit-to- Visit DBPVSTD

24-hr SBPVARV   0.09    0.30*   0.07    0.28*
24-hr DBPVARV -0.05 0.23   0.03 0.22
24-hr MAPVARV   0.04    0.26*   0.07    0.27*
24-hr SBPVwSTD -0.01 0.11   0.03 0.13
24-hr DBPVwSTD -0.22 0.20 -0.15 0.17
24-hr MAPVwSTD -0.12 0.19 -0.04 0.18
ARV, average real variability, DBPV, diastolic blood pressure variability; MAPV, mean arterial pressure 
variability, SBPV, systolic blood pressure variability; STD, standard deviation; wSTD, weighted standard 
deviation. *P < 0.05 for Spearman's correlation coefficient.
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Variable Low High P-Value
24-hr SBPV ARV  < 8.9 mmHg 24-hr SBPV ARV  ≥ 8.9 mmHg

(n = 36) (n = 36)
Age (Years) 51.6 ± 1.1 52.9 ± 1.1 0.61
% Male 16.6 16.6 0.99
% Post-Menopause 50 55.1 0.80
Total Cholesterol (mg/dl) 196.0 ± 4.4 192.9 ± 4.7 0.67
Triglycerides (mg/dl) 97.0 ± 7.4 84.0 ± 5.7 0.17
HDL-C (mg/dl) 64.4 ± 3.2 63.5 ± 3.3 0.92
LDL-C (mg/dl) 112.1 ± 4.4 112.6 ± 4.3 0.89
Fasting Glucose (mg/dl) 97.0 ± 1.4 95.4 ± 1.8 0.49
CRP (mg/L) 2.6 ± 0.4 4.4 ± 0.7 0.05
Weight (kg) 92.1 ± 2.5 91.1 ± 3.4 0.80
BMI (kg/m2) 32.8 ± 0.8 32.5 ± 1.1 0.76
eGFR (ml/min per 1.73m2) 91.7 ± 2.7 96.5 ± 2.5 0.21
Na+ Excretion (mmol/gCr) 86.8 ± 6.1 84.8 ± 6.0 0.88
UACR (mg/g) 7.3 ± 1.6 6.3 ± 0.9 0.85
CCIMT (mm) 0.61 ± 0.02 0.65 ± 0.02 0.21
CD31+CD42− EMPs/μL plasma 3.3 ± 0.4 2.7 ± 0.3 0.54
CD62+ EMPs/μL plasma 36.3 ± 4.9 28.8 ± 3.5 0.39
Baseline BA Diameter - FMD (mm) 0.35 ± 0.01 0.35 ± 0.01 0.95
%FMDpeak 9.2 ± 0.9 7.9 ± 0.7 0.29
FMDAUC 26.3 ± 4.3 18.9 ± 2.9 0.19
Baseline BA Diameter - NMD (mm) 0.34 ± 0.01 0.35 ± 0.01 0.63
%NMDpeak 22.1 ± 3.8 20.4 ± 1.5 0.71
NMDAUC 62.1 ± 6.0 68.1 ± 5.8 0.25
FMD/NMD Ratio 0.44 ± 0.05 0.38 ± 0.04 0.20
Office SBP (mmHg) 125.2 ± 2.2 126.8 ± 2.3 0.63
Office DBP (mmHg) 80.7 ± 1.6 80.8 ± 1.5 0.99
Visit-to- Visit SBPVARV (mmHg) 4.7 ± 0.5 5.5 ± 0.6 0.29
Visit-to- Visit DBPVARV (mmHg) 3.2 ± 0.5 4.5 ± 0.4 0.02
24- hr SBP (mmHg) 126.5 ± 2.1 129.4 ± 2.2 0.33
24- hr DBP (mmHg) 78.9 ± 1.5 78.9 ± 1.7 0.69
24- hr MAP (mmHg) 95.4 ± 1.6 96.5 ± 1.8 0.79
24-hr HR (bpm) 74.3 ± 1.7 79.1 ± 1.4 0.03
24- hr PP (mmHg) 47.6 ± 1.3 50.5 ± 1.3 0.08
24-hr SBPVARV (mmHg) 7.4 ± 0.1 10.4 ± 0.2 < 0.001
24-hr DBPVARV (mmHg) 7.1 ± 0.2 8.8 ± 0.3 < 0.001
24-hr MAPVARV (mmHg) 7.1 ± 0.2 9.3 ± 0.3 < 0.001
24-hr HRVARV (bpm) 7.1 ± 0.3 8.2 ± 0.4 0.09
Self-Reported Sleep Time 6.9 ± 0.3 6.5 ± 0.3 0.33

Table 4. Clinical characteristics, BP parameters, and vascular function measures for BPV groups classified according to 24-
hour SBPVARV.

AUC, area under curve; BA, brachial artery; CRP, C-reactive protein; CCIMT; common carotid intima media 
thickness; DBP, diastolic blood pressure; DBPV, diastolic blood pressure variability; eGFR, estimated glomerular 
filtration rate; EMPs; endothelial microparticles; FMD, flow-mediated dilation; HDL, high density lipoprotein; HR, 
heart rate; HRV, heart rate variability; LDL, low density lipoprotein; MAP, mean arterial pressure; MAPV, mean 
arterial pressure variability; NMD, nitroglycerin-mediated dilation; PP, pulse pressure; SBP, systolic blood pressure; 
SBPV, systolic blood pressure variability; UACR, urinary albumin/creatinine ratio.
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SBPVARV. Trends for higher CRP (p = 0.05), 24-hour PP (p = 0.08), and 24-hour 

HRVARV (p = 0.09) in the high 24-hour SBPVARV group were also found. There were no 

significant differences between the two groups for EMP markers or any vascular function 

(FMD and NMD) measure. When particpants were categorized into high and low 24-hour 

SBPV according to the wSTD in 24-hour SBPV, there were likewise no differences 

between the two groups for either EMP marker or any vascular function measure (data 

not shown). 

Table 5 shows the comparisons for selected clinical characteristics, BP 

parameters, and vascular function measures between low and high BPV groups when 

participants were classified according to 24-hour DBPVARV. Participants with high 24-

hour DBPVARV had significantly higher CRP (p = 0.04), eGFR (p = 0.04), office DBP (p 

= 0.03), and 24-hour HRVARV (p = 0.004). Trends for higher fasting glucose levels (p = 

0.06), body weight (p = 0.07), and 24-hour PP (p = 0.08); and lower HDL-C (p = 0.07) 

and Na+ excretion (p = 0.07) in the high 24-hour DBPVARV were also observed. For EMP 

markers, CD31+CD42− and CD62+ EMPs were both lower in participants with high 24-

hour DBPVARV, however, these differences reached statistical significance only for 

CD31+CD42− EMPs (p = 0.01). For measures of vascular function, there were no 

differences between the two groups for any measure of endothelial function (%FMDpeak,  

FMDAUC, or FMD/NMD ratio). However, trends were observed for differences between 

the two groups for measures of smooth muscle function as participants with high 24-hour 

DBPVARV had higher %NMDpeak (p = 0.05) and NMDAUC (p = 0.06). When subjects were 

categorized according to the wSTD in 24-hour DBPV, no differences were observed  
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Variable Low High P-Value
24-hr DBPV ARV  < 7.7 mmHg 24-hr DBPV ARV  ≥ 7.7 mmHg

(n = 36) (n = 36)
Age (Years) 53.5 ± 1.1 51.0 ± 1.1 0.17
% Male 11.1 22.2 0.34
% Post-Menopause 56.2 48.1 0.61
Total Cholesterol (mg/dl) 195.9 ± 4.5 192.9 ± 4.6 0.74
Triglycerides (mg/dl) 89.5 ± 7.0 91.7 ± 6.4 0.35
HDL-C (mg/dl) 66.9 ± 3.1 60.9 ± 3.4 0.07
LDL-C (mg/dl) 111.1 ± 4.6 113.7 ± 4.1 0.69
Fasting Glucose (mg/dl) 94.1 ± 1.5 98.4 ± 1.6 0.06
CRP (mg/L) 2.8 ± 0.5 4.3 ± 0.7 0.04
Weight (kg) 88.7 ± 3.1 94.7 ± 2.8 0.07

BMI (kg/m2) 31.8 ± 1.0 33.6 ± 0.9 0.15

eGFR (ml/min per 1.73m2) 90.4 ± 2.7 97.9 ± 2.5 0.04

Na+ Excretion (mmol/gCr) 93.0 ± 6.1 78.2 ± 5.7 0.07
UACR (mg/g) 8.2 ± 1.7 5.3 ± 0.6 0.27
CCIMT (mm) 0.62 ± 0.02 0.64 ± 0.02 0.93
CD31+CD42− EMPs/μL plasma 3.6 ± 0.4 2.2 ± 0.3 0.01
CD62+ EMPs/μL plasma 37.2 ± 4.6 26.6 ± 3.5 0.10
Baseline BA Diameter - FMD (mm) 0.35 ± 0.01 0.35 ± 0.01 0.66
%FMDpeak 8.1 ± 0.9 8.8 ± 0.8 0.55
FMDAUC 23.5 ± 4.1 21.5 ± 3.4 0.96
Baseline BA Diameter - NMD (mm) 0.35 ± 0.01 0.35 ± 0.01 0.92
%NMDpeak 20.1 ± 3.5 22.1 ± 1.5 0.05
NMDAUC 56.7 ± 4.9 73.7 ± 6.3 0.06
FMD/NMD Ratio 0.41 ± 0.05 0.4 ± 0.04 0.90
Office SBP (mmHg) 124 ± 2.2 128.1 ± 2.3 0.13
Office DBP (mmHg) 78.8 ± 1.5 82.8 ± 1.5 0.03
Visit-to- Visit SBPVARV (mmHg) 5.1 ± 0.6 5.1 ± 0.5 0.78
Visit-to- Visit DBPVARV (mmHg) 3.7 ± 0.5 4.0 ± 0.4 0.46
24- hr SBP (mmHg) 126.0 ± 2.2 130.0 ± 2.1 0.20
24- hr DBP (mmHg) 78.4 ± 1.4 79.5 ± 1.8 0.77
24- hr MAP (mmHg) 94.7 ± 1.6 97.2 ± 1.8 0.33
24-hr HR (bpm) 74.6 ± 1.6 78.8 ± 1.5 0.12
24- hr PP (mmHg) 47.6 ± 1.3 50.5 ± 1.3 0.08
24-hr SBPVARV (mmHg) 8.0 ± 0.2 9.7 ± 0.3 < 0.001
24-hr DBPVARV (mmHg) 6.6 ± 0.1 9.3 ± 0.2 < 0.001
24-hr MAPVARV (mmHg) 7.1 ± 0.2 9.3 ± 0.3 < 0.001
24-hr HRVARV (bpm) 6.8 ± 0.3 8.5 ± 0.4 0.004
Self-Reported Sleep Time 6.7 ± 0.3 6.7 ± 0.2 0.94

Table 5. Clinical characteristics, BP parameters, and vascular function measures for BPV groups classified according to 24-
hour DBPVARV.

AUC, area under curve; BA, brachial artery; CRP, C-reactive protein; CCIMT; common carotid intima media 
thickness; DBP, diastolic blood pressure; DBPV, diastolic blood pressure variability; eGFR, estimated glomerular 
filtration rate; EMPs; endothelial microparticles; FMD, flow-mediated dilation; HDL, high density lipoprotein; HR, 
heart rate; HRV, heart rate variability; LDL, low density lipoprotein; MAP, mean arterial pressure; MAPV, mean 
arterial pressure variability; NMD, nitroglycerin-mediated dilation; PP, pulse pressure; SBP, systolic blood pressure; 
SBPV, systolic blood pressure variability; UACR, urinary albumin/creatinine ratio.
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between the two groups for EMPs markers or any vascular function measure (data not 

shown). 

 

Visit-to-Visit BPV Group Comparisons 

Comparisons between low and high visit-to-visit SBPVARV groups for selected 

clinical characteristics, BP parameters, and vascular function measures are shown in 

Table 6. Participants with high visit-to-visit SBPVARV had significantly higher 24-hour 

PP (p = 0.02) when compared to participants with low visit-to-visit SBPVARV. For 

vascular function measures, a trend for higher NMDAUC (p = 0.06) in the high visit-to-

visit SBPVARV group was found. There were no statistically significant differences 

between the two groups for EMPs, endothelial function measures, and all other measures 

of smooth muscle function. When participants were categorized into high and low visit-

to-visit SBPV groups using STD, participants with higher visit-to-visit SBPVSTD had 

significantly lower CD31+CD42− EMPs, a trend for lower CD62+ EMPs, significantly 

higher %NMDpeak and significantly higher NMDAUC (see appendix C-1). 

The comparisons for selected clinical characteristics, BP parameters, and vascular 

function measures between low and high BPV groups when participants were classified 

according to visit-to-visit DBPVARV are shown in Table 7.  Participants with high visit-

to-visit DBPVARV had a significantly higher UACR (p = 0.02).  Participants in the high 

and low visit-to-visit DBPVARV groups were similar for all other clinical variables and 

BP parameters. There were no differences between the two groups for either EMP 

marker. For measures of endothelial function, the high visit-to-visit DBPVARV group had 

a significantly lower FMD/NMD ratio (p < 0.001) when compared to the low visit-to- 
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Variable Low High P-Value
Office SBPV ARV  < 4.6 mmHg Office SBPV ARV  ≥ 4.6 mmHg

(n = 32) (n = 32)
Age (Years) 51.1 ± 1.1 52.8 ± 1.2 0.34
% Male 21.9 6.3 0.14
% Post-Menopause 52.0 51.7 0.99
Total Cholesterol (mg/dl) 189.7 ± 4.5 198.5 ± 4.9 0.22
Triglycerides (mg/dl) 90.0 ± 6.0 91.3 ± 8.0 0.76
HDL-C (mg/dl) 62.8 ± 2.9 65.0 ± 4.1 0.86
LDL-C (mg/dl) 108.9 ± 3.9 115.1 ± 4.8 0.23
Fasting Glucose (mg/dl) 95.9 ± 1.3 95.2 ± 1.9 0.81
CRP (mg/L) 4.4 ± 0.9 3.7 ± 0.5 0.83
Weight (kg) 92.3 ± 3.0 90.7 ± 2.8 0.75
BMI (kg/m2) 33.0 ± 1.0 32.7 ± 0.9 0.96

eGFR (ml/min per 1.73m2) 95.3 ± 2.8 96.1 ± 2.9 0.81

Na+ Excretion (mmol/gCr) 90.6 ± 6.0 86.9 ± 6.4 0.45
UACR (mg/g) 10.9 ± 4.3 6.3 ± 1.0 0.87
CCIMT (mm) 0.62 ± 0.03 0.64 ± 0.02 0.28
CD31+CD42− EMPs/μL plasma 3.1 ± 0.5 2.8 ± 0.3 0.89
CD62+ EMPs/μL plasma 35.9 ± 5.5 28.4 ± 3.7 0.27
Baseline BA Diameter - FMD (mm) 0.34 ± 0.01 0.34 ± 0.01 0.77
%FMDpeak 8.5 ± 0.7 8.8 ± 1.0 0.89
FMDAUC 23.5 ± 3.3 22.1 ± 4.5 0.85
Baseline BA Diameter - NMD (mm) 0.34 ± 0.01 0.34 ± 0.01 0.76
%NMDpeak 21.7 ± 3.1 22 ± 1.9 0.31
NMDAUC 59.7 ± 4.4 77.3 ± 7.9 0.06
FMD/NMD Ratio 0.44 ± 0.04 0.35 ± 0.03 0.21
Office SBP (mmHg) 124.4 ± 2.1 128.9 ± 2.6 0.18
Office DBP (mmHg) 81.2 ± 1.7 81.2 ± 1.6 0.98
Visit-to- Visit SBPVARV (mmHg) 2.6 ± 0.2 7.4 ± 0.4 < 0.001
Visit-to- Visit DBPVARV (mmHg) 3.7 ± 0.4 4.0 ± 0.4 0.56
Days between visits 1 and 2 9.4 ± 2.3 12.4 ± 3.7 0.42
Days between visits 2 and 3 15.1 ± 4.8 14.8 ± 5.2 0.87
24- hr SBP (mmHg) 126.3 ± 2.5 130.4 ± 2.3 0.35
24- hr DBP (mmHg) 78.9 ± 1.9 78.8 ± 1.8 0.96
24- hr MAP (mmHg) 95.1 ± 2.0 97 ± 1.8 0.50
24-hr HR (bpm) 74.8 ± 1.6 78.5 ± 1.9 0.14
24- hr PP (mmHg) 47.4 ± 1.4 51.6 ± 1.4 0.02
24-hr SBPVARV (mmHg) 8.8 ± 0.3 9.2 ± 0.4 0.45
24-hr DBPVARV (mmHg) 8.1 ± 0.3 7.8 ± 0.3 0.67
24-hr MAPVARV (mmHg) 8.0 ± 0.3 8.3 ± 0.3 0.96
24-hr HRVARV (bpm) 7.7 ± 0.5 7.4 ± 0.4 0.69

Table 6. Clinical characteristics, BP parameters, and vascular function measures for BPV groups classified according to visit-
to- visit SBPVARV.

AUC, area under curve; BA, brachial artery; CRP, C-reactive protein; CCIMT; common carotid intima media 
thickness; DBP, diastolic blood pressure; DBPV, diastolic blood pressure variability; eGFR, estimated glomerular 
filtration rate; EMPs; endothelial microparticles; FMD, flow-mediated dilation; HDL, high density lipoprotein; HR, 
heart rate; HRV, heart rate variability; LDL, low density lipoprotein; MAP, mean arterial pressure; MAPV, mean 
arterial pressure variability; NMD, nitroglycerin-mediated dilation; PP, pulse pressure; SBP, systolic blood pressure; 
SBPV, systolic blood pressure variability; UACR, urinary albumin/creatinine ratio.
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Variable Low High P-Value
Office DBPV ARV  < 3.6 mmHg Office DBPV ARV  ≥ 3.6 mmHg

(n = 32) (n = 32)
Age (Years) 51.3 ± 1.1 52.6 ± 1.3 0.47
% Male 21.9 6.3 0.14
% Post-Menopause 44.0 58.6 0.41
Total Cholesterol (mg/dl) 197.4 ± 5.2 190.8 ± 4.2 0.36
Triglycerides (mg/dl) 96.8 ± 7.9 84.4 ± 6.0 0.31
HDL-C (mg/dl) 63.0 ± 3.3 65.0 ± 3.9 0.78
LDL-C (mg/dl) 115.1 ± 4.2 108.9 ± 4.7 0.33
Fasting Glucose (mg/dl) 95.1 ± 1.5 96.0 ± 1.7 0.79
CRP (mg/L) 3.4 ± 0.4 4.8 ± 0.9 0.77
Weight (kg) 94.4 ± 2.6 88.5 ± 3.0 0.14
BMI (kg/m2) 33.3 ± 0.9 32.4 ± 1.1 0.63

eGFR (ml/min per 1.73m2) 92.7 ± 3.2 98.8 ± 2.3 0.20

Na+ Excretion (mmol/gCr) 85.5 ± 5.5 91.9 ± 6.8 0.51
UACR (mg/g) 5.1 ± 0.8 12.3 ± 4.3 0.02
CCIMT (mm) 0.64 ± 0.02 0.61 ± 0.03 0.17
CD31+CD42− EMPs/μL plasma 3.1 ± 0.5 2.7 ± 0.3 0.92
CD62+ EMPs/μL plasma 32.7 ± 4.2 31.2 ± 5.1 0.25
Baseline BA Diameter - FMD (mm) 0.34 ± 0.01 0.35 ± 0.01 0.76
%FMDpeak 9.0 ± 0.8 8.2 ± 0.8 0.57
FMDAUC 24.9 ± 3.6 21.0 ± 3.8 0.24
Baseline BA Diameter - NMD (mm) 0.34 ± 0.01 0.34 ± 0.01 0.85
%NMDpeak 17.0 ± 1.4 26.0 ± 3.2 < 0.001
NMDAUC 54.4 ± 5.9 77.8 ± 5.4 < 0.001
FMD/NMD Ratio 0.51 ± 0.04 0.33 ± 0.03 < 0.001
Office SBP (mmHg) 126.9 ± 2.1 126.5 ± 2.7 0.86
Office DBP (mmHg) 81.8 ± 1.5 80.6 ± 1.8 0.57
Visit-to- Visit SBPVARV (mmHg) 4.9 ± 0.6 5.1 ± 0.5 0.43
Visit-to- Visit DBPVARV (mmHg) 2.0 ± 0.2 5.7 ± 0.4 < 0.001
Days between visits 1 and 2 8.1 ± 1.6 13.8 ± 3.9 0.89
Days between visits 2 and 3 9.6 ± 2.8 20.3 ± 6.3 0.34
24- hr SBP (mmHg) 129.9 ± 2.2 127 ± 2.7 0.31
24- hr DBP (mmHg) 79.4 ± 1.6 78.3 ± 2.0 0.72
24- hr MAP (mmHg) 96.8 ± 1.6 95.4 ± 2.2 0.61
24-hr HR (bpm) 76.9 ± 1.6 76.6 ± 1.9 0.67
24- hr PP (mmHg) 50.5 ± 1.5 48.7 ± 1.4 0.50
24-hr SBPVARV (mmHg) 8.7 ± 0.3 9.3 ± 0.4 0.24
24-hr DBPVARV (mmHg) 7.8 ± 0.3 8.1 ± 0.3 0.65
24-hr MAPVARV (mmHg) 8.0 ± 0.3 8.3 ± 0.4 0.39
24-hr HRVARV (bpm) 7.6 ± 0.4 7.5 ± 0.4 0.84

Table 7. Clinical characteristics, BP parameters, and vascular function measures for BPV groups classified according to visit-to-
visit DBPVARV.

AUC, area under curve; BA, brachial artery; BMI, body mass index; CRP, C-reactive protein; CCIMT; common 
carotid intima media thickness; DBP, diastolic blood pressure; DBPV, diastolic blood pressure variability; eGFR, 
estimated glomerular filtration rate; EMPs; endothelial microparticles; FMD, flow-mediated dilation; HDL, high 
density lipoprotein; HR, heart rate; HRV, heart rate variability; LDL, low density lipoprotein; MAP, mean arterial 
pressure; MAPV, mean arterial pressure variability; NMD, nitroglycerin-mediated dilation; PP, pulse pressure; SBP, 
systolic blood pressure; SBPV, systolic blood pressure variability; UACR, urinary albumin/creatinine ratio.
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visit DBPVARV group. Significant differences were also observed between the two groups 

for measures of smooth muscle function as the high visit-to-visit DBPVARV group had 

significantly higher %NMDpeak (p < 0.001) and NMDAUC (p < 0.001). Figure 4 shows the 

time-course %change in brachial artery diameter across the 5-min after nitroglycerin 

administration. Repeated measures ANOVA showed a significant effect of time (F = 

49.9, p < 0.001) and visit-to-visit DBPVARV group (F = 7.9, p = 0.008). The main effect 

of visit-to-visit DBPVARV group (high vs. low) remained significant in repeated measures 

ANCOVA after adjusting for age, gender, BMI, mean office SBP, and mean office DBP. 

Post-hoc comparisons showed that the %NMD was significantly higher in the high visit-

to-visit DBPVARV group at 1-min (p= 0.02), 2-min (p = 0.003), 3-min (p = 0.01), 4-min 

(p = 0.01), and 5-min (p = 0.001) post-nitroglycerin administration. When participants 

were categorized into high and low visit-to-visit DBPV groups using STD, participants 

with higher visit-to-visit DBPVSTD had significantly lower FMDAUC and FMD/NMD 

ratio, significantly higher %NMDpeak and  NMDAUC, and a trend for lower CD62+ EMPs 

(see appendix, table C-2). Repeated measures ANOVA showed a significant effect of 

visit-to-visit DBPVSTD group for both FMD (F = 5.3; p = 0.03) and NMD (F = 13.5; p < 

0.001) (see appendix D figures D-1 and D-2). 

 

Correlates of EMPs 

In univariate analyses, body weight (rs = -0.32; p = 0.02) and 24-hour DBPVARV 

(rs = -0.33; p = 0.02) were both negatively associated with CD31+CD42− EMPs.  In 

multivariable analysis adjusting for age, gender, BMI, and mean BP, only body  
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weight (B = -0.04 [95%CI: -0.08--0.01], partial correlation = -0.24; p = 0.01) remained a 

significant predictor of CD31+CD42− EMPs. For CD62+ EMPs, triglyceride levels (rs   

 = 0.33; p = 0.01) was positively associated, while 24-hour MAPVARV (rs = -0.29; p = 

0.03) was negatively associated with CD62+EMPs. In multivariable analysis adjusting 

for age, gender, BMI, and mean BP levels (model 1), triglyceride levels (B = 0.21 

[95%CI: 0.04-0.37], partial correlation = 0.34; p = 0.02) and 24-hour MAPVARV (B = -

4.79 [95%CI: -8.78--0.81], partial correlation = -0.33; p = 0.02) both remained significant 

predictors of CD62+ EMPs. When 24-hour PP was added as an additional covariate to 

multivariable regression models (model 2) in order to account for potential differences in 

arterial stiffness, 24-hour MAPVARV (B = -4.36 [95% CI: -8.14--0.59], partial correlation 
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Figure 4. %NMD Time-Course in Visit-to-Visit DBPVARV Groups. Time-
course % change in brachial artery diameter after nitroglycerin administration in 
participants categorized as having low visit-to- visit DBPVARV (solid line) or high visit-
to- visit DBPVARV (dotted line). * P < 0.05, † P < 0.01 between groups.
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= -0.33, p = 0.02) still remained a significant predictor of CD62+ EMPs. Mean BP levels 

from office or 24-hour ABPM were not significantly associated with either 

CD31+CD42− EMPs or CD62+ EMPs.  

 

Correlates of Endothelial-Dependent and Smooth Muscle-Dependent Vasodilation 

All clinical variables and BP parameters significantly associated with measures of 

FMD (peak and AUC), NMD (peak and AUC), or the FMD/NMD ratio in univariate 

analyses are presented in Table 8 with their corresponding Spearman’s correlation 

coefficient.  Age and HDL-C were both negatively associated with %FMDpeak, however 

neither remained a significant predictor in multivariable analyses (Table 9). For FMDAUC, 

LDL-C and triglycerides were positively associated, while HDL-C, UACR, and visit-to-

visit DBPVSTD were all negatively associated with FMDAUC. In multivariable analysis 

adjusting for age, gender, BMI, and mean BP levels, only LDL-C and triglycerides  

 

 

Table 8. Univariate correlation analyses of independent variables associated with vascular function measures.
Variable

r s P-Value r s P-Value r s P-Value r s P-Value r s P-Value
Age -0.31 0.04 - - - - - - - -
HDL-C -0.35 0.02 -0.41 0.01 -0.29 0.03 - - - -
LDL-C - - 0.31 0.04 - - - -
Triglycerides - - 0.30 0.04 - - - -
UACR - - -0.36 0.03 - - - -
Visit-to- Visit DBPVSTD - - -0.32 0.05 0.56 < 0.001 0.62 < 0.001 -0.72 < 0.001
Visit-to- Visit DBPVARV - - - - 0.65 < 0.001 0.68 < 0.001 -0.75 < 0.001
Visit-to- Visit SBPVSTD - - - - 0.42 0.01 0.38 0.01 - -
24-hour DBPVARV - - - - 0.34 0.02 0.30 0.04 - -
Weight - - - - - - - - 0.33 0.04
eGFR - - - - 0.28 0.04 - - - -
ARV, average real variability index; AUC, area under curve; DBPV, diastolic blood pressure variability; eGFR, 
estimated glomerular filtration rate; FMD, flow-mediated dilation; HDL-C, high density lipoprotein cholesterol; 
LDL,-C low density lipoprotein cholesterol; NMD, nitroglycerin-mediated dilation; SBPV, systolic blood pressure 
variability; STD, standard deviation; UACR, urinary albumin:creatinine excretion ratio.

%FMDpeak FMDAUC %NMDpeak NMDAUC FMD/NMD Ratio
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remained significant predictors of FMDAUC (Table 9). When endothelial function was 

assessed by normalizing FMD by smooth muscle function (FMD/NMD ratio), the only 

variables associated with the FMD/NMD ratio in univariate analyses were body weight, 

visit-to-visit DBPVARV, and visit-to-visit DBPVSTD. In multivariable analyses, body 

weight, visit-to-visit DBPVARV, and visit-to-visit DBPVSTD remained significant 

predictors of the FMD/NMD ratio (Table 9). When body weight (model 1, in place of 

BMI) and office PP (model 2) were tested as additional covariates, visit-to-visit 

DBPVARV and visit-to-visit DBPVSTD still remained significant predictors of the 

FMD/NMD ratio (data not shown).  

 

 

 

For measures of smooth muscle function, HDL-C, visit-to-visit SBPVSTD, visit-to-

visit DBPVARV, visit-to-visit DBPVSTD, 24-hour DBPVARV, and eGFR all were 

significantly associated with %NMDpeak, while visit-to-visit SBPVSTD, visit-to-visit 

Table 9. Multivariable analyses predicting endothelial function measures.
Variable

B (95% CI) P-Value B (95% CI) P-Value B (95% CI) P-Value
Age† -0.16 (-0.34-0.02) 0.07 - - - -
HDL-C -0.01 (-0.01-0.08) 0.81   -0.14 (-0.53-0.26) 0.47 - -
LDL-C - -   0.28 (0.03-0.55) 0.03 - -
Triglycerides - -   0.14 (0.02-0.26) 0.03 - -
UACR - -    0.15 (-0.67-0.97) 0.71 - -
Visit-to- Visit DBPVSTD - -  -1.11 (-3.65-1.44) 0.38 -0.04 (-0.06--0.01) 0.006
Visit-to- Visit DBPVARV - - - - -0.04 (-0.06--0.01) 0.004
Weight†† - - - - 0.004 (0.000-0.008) 0.10

† Age entered into model containing gender, BMI, mean 24-hour SBP, and mean 24-hour DBP.
†† Weighted entered into model containing age, gender, mean 24-hour SBP, and mean 24-hour DBP.

ARV, average real variability index; AUC, area under curve; DBPV, diastolic blood pressure variability; FMD, 
flow-mediated dilation; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein 
cholesterol; NMD, nitroglycerin-mediated dilation; STD, standard deviation; UACR, urinary 
albumin:creatinine excretion ratio.
Variables listed were entered seperately into a multivariable regression model containing age, gender, BMI, 
mean SBP, and mean DBP (model 1).

FMDAUC%FMDpeak FMD/NMD Ratio
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DBPVARV, visit-to-visit DBPVSTD, and 24-hour DBPVARV were significantly associated 

with NMDAUC. After adjusting for covariates including age, gender, BMI, and mean BP 

in multivariable regression analyses (model 1), visit-to-visit DBPVARV and visit-to-visit 

DBPVSTD remained the only significant predictor of %NMDpeak, while visit-to-visit 

DBPVARV, visit-to-visit DBPVSTD, and 24-hour DBPVARV remained the only significant 

predictors of NMDAUC (Table 10). All BPV variables remained significant predictors 

when PP was added as a covariate in multivariable models (model 2, data not shown). 

Mean BP levels from office or 24-hour ABPM were not significantly associated with any 

measure of endothelial or smooth muscle function.  

 

 

 

When the relationships between brachial artery diameter and FMD and NMD 

derived variables were tested in univariate analyses, a significant positive association was 

found between FMDpeak and NMDpeak (rs = 0.41; p = 0.01), but not between FMDAUC and 

Table 10. Multivariable analyses predicting smooth muscle function measures.
Variable

B (95% CI) P-Value B (95% CI) P-Value
HDL-C -0.08 (-0.29-0.13) 0.45 - -
Visit-to- Visit DBPVSTD 2.49 (0.91-4.07) 0.003 6.97 (3.54-10.40) < 0.001
Visit-to- Visit DBPVARV 2.73 (1.25-4.21) 0.001 7.29 (4.08-10.50) < 0.001
Visit-to- Visit SBPVSTD 0.24 (-0.98-1.46) 0.69 1.11 (-1.71-3.95) 0.43
24-hour DBPVARV 0.86 (-1.32-3.05) 0.43 4.89 (0.03-9.74) 0.04
eGFR 0.25 (-0.22-0.52) 0.07 - -

%NMDpeak NMDAUC

ARV, average real variability index; AUC, area under curve; DBPV, diastolic 
blood pressure variability; eGFR, estimated glomerular filtration rate; HDL-C, 
high density lipoprotein cholesterol; NMD, nitroglycerin-mediated dilation; 
SBPV, systolic blood pressure variability; STD, standard deviation.
Variables listed were entered seperately into a multivariable regression model 
containing age, gender, BMI, mean SBP, and mean DBP (model 1).
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NMDAUC (rs = 0.11; p = 0.53). Brachial artery diameter was associated with NMDpeak (rs 

= -0.37; p = 0.006), but not with FMDpeak (rs = 0.11; p = 0.48). The FMD/NMD ratio was 

significantly associated with FMDpeak (rs = 0.44; p = 0.005), NMDpeak (rs = -0.56; p = < 

0.001), FMDAUC (rs = 0.35; p = 0.03), and NMDAUC (rs = -0.61; p < 0.001). Trends were 

also observed for brachial artery diameter obtained prior to both FMD (rs = 0.30; p = 

0.07) and NMD (rs = 0.29; p = 0.08). 

 

Study#2: Pre-Post AEXT Analyses 

Participant Characteristics and Adherence 

 Of the initial 72 participants who completed baseline testing, 33 (45.8%) 

completed the 6-month AEXT program with successful ABPM or office BP 

measurements pre- and post-AEXT. When comparing participants who completed the 

AEXT program with those participants who did not (n = 39; 54.2%), non-finishers had 

significantly higher 24-hour DBPVARV (finisher: 7.3 ± 0.2 mmHg vs. non-finisher: 8.5 ± 

0.3 mmHg; p = 0.001), 24-hour DBPVwSTD (finisher: 7.4 ± 0.2 mmHg vs. non-finisher: 

8.4 ± 0.3 mmHg, p = 0.04), and 24-hour MAPVARV (finisher: 7.6 ± 0.3 mmHg vs. non-

finisher: 8.6 ± 0.3 mmHg; p = 0.04) at baseline.  

For participants who completed the study, the mean age was 52.9 ± 1.1 years and 

the mean BMI was 30.6 ± 1.0 kg/m2. Of the 33 participants, 4 (12.1%) were males, 14 

(50% of females who completed study) self-reported being post-menopausal at study 

enrollment, and 18 (54.5%) were obese pre-AEXT. According to pre-AEXT office BPs, 

14 (42.4%) were normotensive, 13 (39.3%) were pre-hypertensive, and 6 (18.1%) were 

hypertensive. For the intervention, the mean 6-month attendance was 81.9 ± 2.2%. 
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According to 24-hour Na+ excretion levels, only 12 participants (36.4%) were in 

compliance with the prescribed AHA diet both pre- and post-AEXT . There were no 

differences between participants who did or did not meet Na+ intake requirements both 

pre- and post-AEXT for changes in all measures of 24-hour BPV and visit-to-visit BPV. 

 

Effect of Exercise Training on Clinical Characteristics 

 Table 11 presents the selected clinical characteristics pre- and post-AEXT for the 

33 subjects who completed the study. The 6-month AEXT intervention significantly 

increased VO2max, (p = 0.004), indicating that the prescribed exercise program may have 

been sufficient to elicit improvements in cardiovascular fitness. Both body weight (p = 

0.01) and BMI (p = 0.02) were significantly decreased post-AEXT, although the 

%changes were small at -2.3% and -2.2%, respectively. The AEXT intervention also 

elicited changes in metabolic variables as both triglyceride levels (p = 0.003) and fasting 

glucose levels (p = 0.003) were significantly decreased after AEXT. Significant 

reductions were furthermore observed for CRP (p = 0.01) and CCIMT (p = 0.01), while 

eGFR (p = 0.005) was significantly increased post-AEXT. For endothelial measures, both 

CD31+CD42− EMPs (p = 0.003) and CD62+ EMPs (p < 0.001) were significantly 

decreased after the AEXT intervention. Moreover, significant improvements in 

endothelial function were observed as %FMDpeak (p = 0.01), FMDAUC (p = 0.02), and the 

FMD/NMD ratio (p = 0.03) were all significantly increased post-AEXT. All measures of 

smooth muscle-dependent vasodilation were unchanged post-intervention. 
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Effect of Exercise Training on BP parameters 

Selected office and ABPM parameters pre- and post-AEXT are presented in Table 

12. The mean duration between visits 1 and 2 and between visits 2 and 3 were decreased 

post-AEXT, with the difference reaching statistical significant for the duration between  

Table 11. Clinical characteristics of entire study group pre- and post-AEXT.
Variable Pre-AEXT Post-AEXT % Change P-Value
Total Cholesterol (mg/dl) 189.5 ± 4.7 185.8 ± 4.9 -2.0 0.18
Triglycerides (mg/dl) 82.6 ± 6.6 67.9 ± 3.7 -21.6 0.003
HDL-C (mg/dl) 66.6 ± 3.7 65.5 ± 3.8 -1.7 0.67
LDL-C (mg/dl) 106.3 ± 4 106.7 ± 4.1 0.4 0.87
Fasting Glucose (mg/dl) 94.4 ± 1.9 87.0 ± 1.9 -8.5 0.003
CRP (mg/L) 3.2 ± 0.5 2.7 ± 0.5 -18.5 0.01
Weight (kg) 85.4 ± 3.2 83.4 ± 2.9 -2.4 0.01
BMI (kg/m2) 30.6 ± 1 29.9 ± 0.9 -2.3 0.02
VO2max (ml/kg/min) 26.3 ± 1 28.4 ± 1.1 7.4 0.004

eGFR (ml/min per 1.73m2) 92.9 ± 2.9 98.3 ± 2.7 5.5 0.005
Na+ Excretion (mmol/gCr) 89.0 ± 6.4 81.8 ± 5.3 -8.8 0.43
UACR (mg/g) 6.9 ± 1.2 7.1 ± 1.8 2.8 0.86
CCIMT (mm) 0.63 ± 0.02 0.58 ± 0.02 -8.6 0.01
CD31+CD42- EMPs/μL plasma 3.7 ± 0.4 2.2 ± 0.3 -68.2 0.003
CD62+ EMPs/μL plasma 42.4 ± 5.5 22.6 ± 4 -87.6 < 0.001
Baseline BA Diameter - FMD (mm) 0.34 ± 0.01 0.35 ± 0.01 2.9 0.12
%FMDpeak 8.0 ± 0.8 9.9 ± 0.4 19.2 0.01
FMDAUC 22.1 ± 4.0 33.1 ± 2.6 33.2 0.02
Baseline BA Diameter - NMD (mm) 0.34 ± 0.01 0.36 ± 0.01 5.6 0.08
%NMDpeak 21.6 ± 3.5 19.8 ± 1.1 -9.1 0.72
NMDAUC 67.1 ± 6.6 64.1 ± 4.8 -4.7 0.66
FMD/NMD Ratio 0.38 ± 0.04 0.51 ± 0.04 25.5 0.03
AUC, area under curve; AEXT, aerobic exercise training; BA, brachial artery; 
BMI, body mass index; CRP, C-reactive protein; CCIMT; common carotid 
intima media thickness; eGFR, estimated glomerular filtration rate; EMPs; 
endothelial microparticles; FMD, flow-mediated dilation; HDL-C, high density 
lipoprotein cholestero; LDL-C, low density lipoprotein cholesterol; NMD, 
nitroglycerin-mediated dilation; UACR, urinary albumin/creatinine ratio.



 
 

88 
 

 

visits 1 and 2 (p = 0.01). Mean office SBP (p = 0.48) and DBP (p = 0.45) were 

unchanged after the AEXT intervention. Similarly, there were no changes in mean 24-

hour SBP, DBP, or MAP during the awake, sleep, or 24-hour periods. A trend was 

observed for increases in awake PP (p = 0.05) and 24-hour PP (p = 0.06) post-AEXT. A 

trend was also observed for a decrease in sleep HRV (p = 0.09). There were no 

Variable Pre-AEXT Post-AEXT %change P-Value
Office BP Measures

SBP (mmHg) 123.7 ± 2.2 122.7 ± 2.3 -0.8 0.48
DBP (mmHg) 78.5 ± 1.2 78.2 ± 1.4 -0.4 0.45
PP (mmHg) 45.2 ± 1.3 44.5 ± 1.4 -1.5 0.46
Days between visits 1 and 2 15.1 ± 4 4.8 ± 0.8 -68.2 0.01
Days between visits 2 and 3 22.5 ± 10.2 8.3 ± 2 -63.1 0.20

ABPM Measures
24- hr SBP (mmHg) 126.3 ± 2.3 127.2 ± 2.2 0.7 0.59
Awake SBP (mmHg) 128.3 ± 2.3 128.9 ± 2.3 0.5 0.58
Sleep SBP (mmHg) 115.1 ± 2.4 117.2 ± 2.1 1.8 0.27
24- hr DBP (mmHg) 78.4 ± 1.5 78.1 ± 1.6 -0.4 0.59
Awake DBP (mmHg) 80.3 ± 1.5 79.4 ± 1.6 -1.1 0.24
Sleep DBP (mmHg) 68.1 ± 1.7 69.4 ± 1.4 1.9 0.16
24- hr MAP (mmHg) 95.1 ± 1.7 95.1 ± 1.7 0.0 0.99
Awake MAP (mmHg) 97 ± 1.7 96.6 ± 1.8 -0.4 0.57
Sleep MAP (mmHg) 84.4 ± 1.9 85.8 ± 1.5 1.7 0.25
24-hr HR (bpm) 76.4 ± 1.6 74.9 ± 1.8 -2.0 0.22
Awake HR (bpm) 78.5 ± 1.7 77.1 ± 2 -1.8 0.41
Sleep HR (bpm) 68.1 ± 1.6 66.3 ± 1.9 -2.6 0.17
24- hr PP (mmHg) 47.8 ± 1.3 49.2 ± 1.5 2.9 0.06
Awake PP (mmHg) 48.0 ± 1.4 49.6 ± 1.6 3.3 0.05
Sleep PP (mmHg) 47.0 ± 1.4 48.0 ± 1.5 2.1 0.61
24-hr HRVARV (bpm) 7.4 ± 0.4 7.3 ± 0.4 -1.4 0.64
Awake HRVARV (bpm) 7.6 ± 0.4 7.9 ± 0.5 3.9 0.77
Sleep HRVARV (bpm) 5.9 ± 0.6 4.8 ± 0.4 -18.6 0.09
Self-Reported Sleep Time (Hours) 6.9 ± 0.4 6.5 ± 0.3 -5.8 0.35

Table 12: Office and ABPM Parameters Pre- and Post-AEXT for Whole Study Group.

AEXT, aerobic exercise training; ARV, average real variability; BP, blood pressure; DBP, 
diastolic blood pressure; DBPV, diastolic blood pressure variability; HR, heart rate; HRV, 
heart rate variability; MAP, mean arterial pressure; MAPV, mean arterial pressure variability; 
MAPV, mean arterial pressure variability; PP, pulse pressure; SBP, systolic blood pressure; 
SBPV, systolic blood pressure variability.
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differences pre- vs. post AEXT for self-reported sleep time (p = 0.35) or for the number 

of readings during the 24-hour (pre: 38.0 ± 0.5 readings vs. post: 38.5 ± 0.4 readings; p = 

0.35), awake (pre: 31.0 ± 0.6 readings vs. post: 31.6 ± 0.4 readings; p = 0.24) or sleep 

(pre: 7.0 ± 0.4 readings vs. post: 7.0 ± 0.3 readings; p = 0.90) periods. 

Figure 5 shows visit-to-visit and 24-hour BPV measures pre- and post-AEXT. 

There were significant increases in 24-hour DBPVARV (p = 0.04) and 24-hour MAPVARV 

(p = 0.03) post-AEXT. When wSTD was used to quantify BPV, the increases in 24-hour 

DBPVwSTD (pre: 7.5 ± 0.2 mmHg vs. post: 8.4 ± 0.3 mmHg; p = 0.02) and 24-hour 

MAPVwSTD (pre: 8.1 ± 0.3 mmHg vs. post: 8.8 ± 0.3 mmHg; p = 0.04) were also 

statistically significant. In repeated measures ANCOVA, the increase in 24-hour DBPV 

from pre- to post- AEXT remained statistically significant after adjustment for Δ mean 

24-hour DBP, ΔBMI, and Δ self-reported sleep time for both 24-hour DBPVARV (F = 

6.752; p = 0.02) and 24-hour DBPVwSTD (F = 5.269; p = 0.04). However, the increase 

was no longer statistically significant when age and gender were entered as covariates in 

a separate model. For 24-hour MAPV, the increase in both 24-hour MAPVARV and 24-

hour MAPVwSTD from pre- to post-AEXT were no longer statistically significant after 

adjustment for covariates. There were no significant changes in 24-hour SBPV quantified 

using ARV (p = 0.81) or wSTD (pre: 9.5 ± 0.4 mmHg vs. post: 9.6 ± 0.4 mmHg; p = 

0.89).  For visit-to-visit BPV measures, there were no significant changes in visit-to-visit 

SBPVARV (p = 0.57) and DBPVARV (p = 0.86); or SBPVSTD (pre: 7.1 ± 1.2 mmHg vs. 

post: 5.7 ± 1.0 mmHg; p = 0.42) and DBPVSTD (pre: 5.0 ± 0.7 mmHg vs. post: 5.3 ± 0.8 

mmHg; p = 0.94).  
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Correlates of Change in BPV 

Table 13 shows the Δ variables that were associated with Δ 24-hour DBPV and Δ 

24-hour MAPV. Δ awake HRVARV, Δ sleep HRVARV, Δ awake mean HR, Δ self-reported 

sleep-time, and Δ visit-to-visit DBPVSTD were all associated with Δ 24-hour DBPVARV. Δ 

sleep HRVARV and Δ visit-to-visit DBPV (STD and ARV) were also significantly 

associated with Δ 24-hour ΔDBPV when wSTD was tested. For 24-hour MAPV, Δ 

awake HRVARV, Δ 24-hour HRVARV, and Δ sleep PP were all significantly associated 

with Δ 24-hour MAPVARV. When Δ 24-hour MAPVwSTD was tested, only Δ sleep 

HRVARV and Δ office PP were significantly associated with Δ 24-hour MAPVwSTD. There 

were no significant associations found between Δ mean BP (SBP, DBP, or MAP) and Δ 

BPV. Gender and menopause status also did not predict Δ BPV. 
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Figure 5. BPV pre- and post-AEXT. Visit-to- Visit BPVARV and 24-hour 
BPVARV pre- (filled bars) and post-AEXT (open bars) for the entire study group.   
* P < 0.05 pre- vs. post-AEXT.



 
 

91 
 

 

 

  

Table 13. Univariate correlation analyses of change variables associated with change in 24-hour BPV.
Variable

r s P-Value r s P-Value r s P-Value r s P-Value
Δ Awake HRVARV 0.35 0.05 0.43 0.01 - - - -
Δ Sleep HRVARV 0.40 0.02 - - 0.53 0.002 0.45 0.01
Δ 24-Hour HRVARV - - 0.41 0.01 - - - -
Δ Awake HR 0.37 0.04 - - - - - -
Δ Office PP - - - - - - 0.38 0.03
Δ Sleep PP - - 0.36 0.04 - - - -
Δ Self-Reported Sleep Time 0.46 0.03 - - - - - -
Δ Visit-to- Visit DBPVSTD 0.49 0.04 - - 0.63 0.01 - -
Δ Visit-to- Visit DBPVARV - - - - 0.66 0.004 - -
ARV, average real variability; HR, heart rate; HRV, heart rate variability; MAPV, mean arterial pressure variability; PP, 
pulse pressure; STD, standard deviation; wSTD, weighted standard deviation.

Δ 24-hour DBPVARV Δ 24-hour MAPVARV Δ 24-hour DBPVwSTD Δ 24-hour MAPVwSTD
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CHAPTER 4 

DISCUSSION 

Introduction 

The specific aims of this dissertation were twofold. First, to test the hypothesis 

that BPV may confer greater cardiovascular risk by eliciting injury to the endothelium 

and impairment of endothelial function, we investigated the relationship of two different 

measures of BPV (24-hour BPV and visit-to-visit BPV) with markers of endothelial 

injury (EMPs) and endothelial function (FMD) in a cohort of African Americans with a 

wide range of BP levels who were pre-dominantly obese, but otherwise free of 

cardiovascular disease, renal disease, and diabetes  (Study #1). Although several animal 

studies have demonstrated that endothelial dysfunction precedes the development of 

cardiovascular morbidities in the animal model of high BPV41, 59, to the best of our 

knowledge, our study is the first to investigate the relationship between BPV and 

endothelial health in any human population. Recent data from the Bogalusa Heart Study 

has shown that increased BPV in childhood is predictive of adult hypertension, which 

could suggest that increased BPV may underscore the natural history of essential 

hypertension and cardiovascular disease33. Thus, further studies investigating the 

relationship of BPV with subclinical indices of cardiovascular disease in putatively 

healthy populations may be needed to provide definitive information regarding whether 

or not BPV should be considered as an additional cardiovascular risk factor separate of 

mean BP levels. Despite the relatively small sample size of the present study, the use of 

novel biomarkers seldom studied to date (e.g. EMPs), the use of involved clinical 

assessments difficult to conduct in large-scale longitudinal studies (e.g. FMD and NMD), 
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the study of a high risk, but disease free population, (e.g. African Americans), and the 

assessment of two separate measures of BPV that have been rarely studied in the same 

population are all strengths of this study that accentuate the novel information from this 

study which could provide an incremental step towards our understanding of BPV as a 

cardiovascular risk factor.  

The second aim of this dissertation was to investigate the effects of a 6-month 

AEXT intervention on 24-hour BPV and visit-to-visit BPV in the same cohort of African 

Americans from Study #1 to test our hypothesis that AEXT, coinciding with its well 

demonstrated cardio-protective effects, also attenuates BPV (Study #2). Evidence from 

retrospective analyses of clinical trials has shown that reductions in BPV parallel 

reductions in cardiovascular risk. Consequently, BPV is no longer dismissed as mere 

“background noise”, but instead is now being targeted for antihypertensive treatment and 

may become an important endpoint in future clinical trials. To the best of our knowledge, 

however, no previous study has investigated the efficacy of non-pharmacologic treatment 

modalities in the lowering of BPV. If BPV is indeed an additional cardiovascular risk 

factor, then studies investigating the ability of non-pharmacologic treatment modalities in 

the lowering of BPV may be warranted in order to determine whether or not non-

pharmacologic modalities such as AEXT could be prescribed early as a preventive 

measure when medical intervention would often not be recommended. Studies are, 

therefore, needed to, first, investigate the efficacy of non-pharmacologic treatment 

modalities to attenuate BPV and, second, determine whether BPV changes elicited by 

non-pharmacologic intervention parallel reductions in cardiovascular risk. By 

investigating the effects of 6-months of AEXT on two different measures of BPV in 
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conjunction with a number of cardiovascular risk markers, the present study has the 

ability to provide important novel information that could fill existing gaps in the BPV 

literature.  

Study #1 

Main Findings 

In our first study investigating the relationship of two measures of BPV with 

markers of endothelial health, there were several important findings. First, our results 

showed that African Americans with increased visit-to-visit DBPV had decreased 

endothelial function when assessed using the FMDAUC or the FMD/NMD ratio. When 

analyzed as continuous variables, our results showed that higher visit-to-visit DBPV was 

associated with a lower FMD/NMD ratio, independent of age, gender, BMI, mean BP, 

and PP. The use of the FMD/NMD ratio as a marker of endothelial function is predicated 

on the assumption that NMD is representative of the maximal achievable diameter of the 

brachial artery; hence, the lower the FMD/NMD ratio the less that an individual attains of 

their maximal vasodilatory capacity. Therefore, our finding that high BPV is associated 

with a lower FMD/NMD ratio may indicate that endothelial-specific vasodilatory 

mechanisms are impaired in African Americans with increased visit-to-visit DBPV. 

A second important finding of the present study was our finding that African 

Americans with higher visit-to-visit DBPV had a greater peak vasodilatory response to 

NMD, as well as greater overall time-course responsiveness to NMD (e.g. NMDAUC) that 

was greater as earlier as 1-minute post-nitroglycerin administration and persisted up to 5 

minutes post-administration. Moreover, while not statistically significant, a trend for a 

greater peak response to NMD and an overall time-course response to NMD were also 
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similarly observed in participants with increased 24-hour DBPVARV. Furthermore, when 

quantified using STD, participants with greater visit-to-visit variability in SBP showed a 

greater peak response to NMD and a greater overall time-course response to NMD. 

However, these findings were not observed when visit-to-visit SBPV was quantified 

using the ARV index. When analyzed as continuous variables, our results showed that 

both higher visit-to-visit DBPV and higher 24-hour DBPVARV were associated with a 

greater time-course response to NMD, independent of  age, gender, BMI, mean BP, and 

PP. Higher visit-to-visit DBPV was also strongly associated with a greater peak response 

to NMD, independent of covariates. Taken together, these results may suggest that 

smooth muscle function, in particular smooth muscle responsiveness to NO, is enhanced 

in African Americans with high BPV. Although purely speculative, given the strong 

associations observed, we suspect that differences in smooth muscle function could be an 

underlying mechanism contributing to differences in BPV levels. 

Another finding of note from our study was that, contrary to our hypothesis, 

African Americans with high 24-hour DBPVARV had significantly lower circulating EMP 

levels. Similar findings were also observed in our secondary analyses of visit-to-visit 

BPV quantified using STD, as participants with higher visit-to-visit SBPVSTD had 

significantly lower levels CD31+CD42−  EMPs. A trend was also found for lower levels 

of CD62+ EMPs for participants classified as having either high visit-to-visit SBPVSTD or 

high visit-to-visit DBPVSTD. When tested as continuous variables, both higher 24-hour 

DBPVARV and higher 24-hour MAPVARV were associated with lower CD31+CD42−  

EMPs and CD62+ EMPs, respectively. The relationship between 24-MAPVARV and 

CD62+EMPs was furthermore independent of age, gender, BMI, mean BP, and PP.  
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Finally, two additional findings secondary to our specific aims are worth 

mentioning. First, a low albeit significant correlation was observed between measures of 

24-hour BPV and visit-to-visit BPV. In addition, separate but similar relationships were 

observed for measures of 24-hour BPV and visit-to-visit BPV with measures of vascular 

function, particularly for DBPV. Although they are certainly not interchangeable entities, 

our findings may provide early evidence that 24-hour BPV and visit-to-visit BPV could 

have some similar underlying causes and/or sequelae. Secondly, we interestingly found 

that mean BP levels from both ABPM and office measurements were not associated with 

any of our measures of endothelial/vascular health. A large body of literature exists 

regarding the relationship between endothelial function and hypertension, thus one study 

linking BPV, and not mean BP levels, to measures of endothelial health does not 

equivocally indicate that BPV levels have greater effects on the vasculature than mean 

BP. Nonetheless, our finding of an association between measures of vascular function 

and BPV, but not for mean BP levels, makes our findings seemingly more provocative.  

 

Relationship between BPV and Endothelial Function 

As a result of the cross-sectional design of this study, it is difficult to ascertain 

whether high BPV precedes impaired endothelial function or vice versa. As described in 

Chapter 1, the most compelling evidence for high BPV being a cause rather than a 

consequence of impaired endothelial function stems from animal studies in SAD rats 

which have shown that impaired endothelial function is present in this animal model of 

high BPV only 4-weeks post-surgery59. Given that hypertensive TOD is commonly 

observed 10-16 weeks post-surgery in this animal model, these findings provide strong 
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experimental evidence in support of the hypothesis that high BPV may be a contributing 

factor in the pathogenesis impaired endothelial function and cardiovascular disease. It has 

also been reported that inflammatory-related factors are increased in SAD rats, and that 

long-term anti-inflammatory and antioxidant treatment prevents SAD-induced organ 

damage; suggestive that inflammation could be the underlying mechanism facilitating 

endothelial dysfunction in SAD rats55. In this study, our finding of decreased endothelial 

function in African Americans categorized as having high visit-to-visit DBPV provides 

the first clinical data in human subjects that high BPV may be associated with impaired 

endothelial function. We have also previously reported in this cohort of African 

Americans that high BPV is associated with increased circulating levels of biomarkers for 

systemic inflammation58. Both findings coincide with experimental findings in SAD rats, 

and could strengthen the hypothesis that BPV confers a greater cardiovascular risk 

through the induction of vascular damage, which in turn may attenuate endothelial 

function. Of course, prospective longitudinal studies are needed to confirm this 

hypothesis. 

It has been proposed by some that the FMD/NMD ratio is the best available 

marker of endothelial function because differences in the vascular smooth muscle 

response to NO can be accounted for195, 196. The FMD/NMD ratio was first utilized in 

1993, when Celermajer et al., in a follow-up to their seminal study introducing the 

brachial artery FMD test, showed that the FMD/NMD ratio was decreased in adult 

smokers when compared with adult non-smokers76. Subsequent studies utilizing the 

FMD/NMD ratio have reported that it is decreased in essential hypertension and diabetes, 

and is associated with the number of cardiovascular risk factors195, 197, 198. The most 
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supportive data for the FMD/NMD ratio serving as the best available marker of 

endothelial function, comes from a study by Chan et al. who showed that the FMD/NMD 

ratio was a more powerful predictor of vascular events than FMD in cohort of subjects 

with coronary artery disease who were followed up for a mean of 2.8 years199. This 

finding led investigators to suggest that the portion of vascular dilation related solely to 

endothelial mechanisms and not smooth muscle mechanisms is most important, and that 

the calculation of the FMD/NMD ratio is advantageous for determining the true 

prognostic value of endothelial function independent of smooth muscle function. In this 

study, when analyzed as a continuous variable, the FMD/NMD ratio was negatively 

associated with measures of visit-to-visit DBPV, suggestive that endothelial-specific 

vasodilatory mechanisms are impaired in African Americans with increased visit-to-visit 

DBPV. If the FMD/NMD ratio is indeed the best available marker of endothelial function 

our study findings could provide important information regarding the clinical importance 

of monitoring BPV. Unfortunately, although the FMD/NMD ratio is used by some 

investigators, it is frequently not reported in the literature despite sound rationale and 

previous data supporting its use, thus its true prognostic value has not be clearly 

established. Therefore, although provocative, our findings may be tempered to some 

extent by a lack of studies investigating the clinical and prognostic importance of the 

FMD/NMD ratio and the lack of a relationship observed between BPV measures and 

%FMDpeak in the present study. 

Relationship between BPV and Smooth Muscle Function 

Although associations between visit-to-visit BPV and the FMD/NMD ratio were 

observed, as mentioned above, we found no associations between BPV and %FMDpeak, 
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the long-held standard measure of endothelial function. Reasons for significant 

associations only being found for the FMD/NMD ratio and not %FMDpeak are unclear, 

but could, in part, be confounded by differences in the vascular smooth muscle response 

to NO. During the FMD stimulus, NO produced by the endothelium acts directly at the 

level of vascular smooth muscle cells to elicit vasodilation, thus FMD measures can be 

affected not only by endothelial function, but also by smooth muscle function. Therefore, 

NMD has been commonly used as a control test for FMD to ensure that decreased 

%FMD is truly the result of endothelial dysfunction and not a reflection of differences in 

smooth muscle function. In the present study, a significant positive association was found 

between %FMDpeak and %NMDpeak, which could suggest that smooth muscle function 

may be underlying and/or confounding the FMD response. Moreover, considering the 

significant association of visit-to-visit BPV with NMD measures, but the lack of 

association between BPV and FMD measures, the negative association between the 

FMD/NMD ratio and BPV could be driven by the effect of BPV on vascular smooth 

muscle responsiveness to nitroglycerin rather than its deleterious effect on FMD.  

Our finding of differences in %NMD between high and low visit-to-visit DBPV 

groups as early as 1-minute post-nitroglycerin administration, which persisted up to 5 

minutes post-administration, has led us to speculate that differences in smooth muscle 

function could be an underlying mechanism contributing to increased BPV. Since 

CCIMT, a marker of systemic arterial structure and atherosclerosis, was not associated 

with any measure of NMD and was not different between BPV groups, we suspect that 

the increased sensitivity to nitroglycerin in participants with increased BPV is related to 

functional factors at the level of the smooth muscle cell rather than structural factors. 
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Consistent with this hypothesis, previous animal studies have reported differences in 

vascular reactivity to contractile and vasodilatory agonists between SAD rats and sham-

operated rats200. Interestingly, Rocha et al. found that expression of integral membrane 

proteins responsible for the formation of gap junctions in vascular smooth muscle were 

increased in SAD rats; leading investigators to propose that the differences in vascular 

reactivity observed between SAD rats and sham-operated rats could be the result of 

increased gap junction communication in the SAD rats200. Given that NO-induced 

vasodilation has previously been shown to be dependent on cell-to-cell diffusion of cyclic 

guanosine monophosphate (cGMP) through gap junctions201, we hypothesize that a 

potential mechanism for the association between high BPV and a greater vasodilatory 

response to nitroglycerin could be the result of increased gap junction communication in 

the arteries of individual’s with high BPV. However, although we think this hypothesis is 

reasonable, it should be acknowledged that this study cannot confirm the true mechanism 

contributing to the observed association between NMD and BPV. Furthermore, additional 

clinical studies will be needed to further elucidate the relationship between BPV and 

vascular reactivity to vasodilatory agonists, as well as contractile agonists. If individuals 

with high BPV have increased responsiveness to other vasoactive agents besides NO, 

namely endothelin-1 or angiotensin II, such findings could provide insights as to the 

underlying link between BPV and cardiovascular disease. 

Another plausible explanation for our finding of increased smooth muscle 

function being associated with increased BPV, which is contrary to the hypothesis that 

increased BPV is detrimental to cardiovascular health, could be due to differences in NO 

bioavailability. It has been observed in experimental studies that removal of the 
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endothelium leads to a super-sensitivity of smooth muscle cells to exogenous sources of 

NO202. This finding has led some to suggest that a decrease in endogenous NO 

bioavailability may contribute, in part, to a super-sensitive dilator response to 

nitroglycerin which has been observed in spastic coronary arteries203. Along these lines, it 

is certainly plausible that individuals with increased BPV may similarly have an 

increased sensitivity to exogenous sources of NO as a result of a compensatory 

mechanism caused by diminished endogenous NO bioavailability. In support of this 

hypothesis we have previously shown in this cohort of African Americans that plasma 

NO metabolite levels are inversely associated with 24-hour DBPV204. However, although 

this explanation aligns with our hypothesis that BPV elicits damage and dysfunction of 

the endothelium, this explanation is purely speculative and would be difficult to assess in 

future studies. 

 

Relationship between BPV and EMP markers 

Based on both experimental evidence that has demonstrated a role for EMPs in 

inflammation, coagulation, and thrombosis, as well previous clinical studies which have 

shown circulating levels of EMPs to be higher in a number of disease states, we had 

hypothesized that individuals with higher BPV would display higher levels of EMP 

markers in plasma. Contrary to our hypothesis, we observed that African Americans with 

higher 24-hour BPV or visit-to-visit BPV had lower levels of circulating EMPs. A 

potential explanation for these observed findings was recently introduced by Tushuizen et 

al. in a 2011 review article where they challenged that cell-derived microparticles may 

not only have deleterious effects by promoting coagulation and inflammation or by 
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modifying endothelial function, but also may have beneficial effects that make it more 

“friend” than “foe” 205. First, several studies have shown that microparticles play an 

important role in intracellular communication and the exchange of biological information 

between surrounding tissues206. Second, the release of microparticles serves as a 

protective mechanism for the cell against external stressors. For example, it is known that 

endothelial cells can escape lysis induced by the complement system, an acute 

inflammatory response component, by releasing the membrane-attack complex C5b-9 via 

microparticle shedding207. Third, they may play a role in cellular waste management as it 

has been observed that microparticles contain increased levels of oxidized phospholipids 

and caspase-3 when compared to their parent cell206. With respect to endothelial cells, it 

has been demonstrated that inhibition of EMP release triggers endothelial cell apoptosis 

by causing the accumulation of caspase-3, thus indicating that EMP release may be 

important for cell survival208. Taken together these findings, the authors concluded that if 

the ability of the endothelium to release EMPs is impaired, then the integrity and/or 

viability of endothelial cells may deteriorate.  

In support of their hypothesis, Agouni et al. have demonstrated that microparticles 

carrying the cell-signaling protein sonic hedgehog induce the release of NO from 

endothelial cells, trigger the expression and phosphorylation of enzymes involved in the 

NO pathway, decrease production of ROS, and improve endothelium-mediated 

vasodilation in vivo209. Other studies have shown that microparticles contain functionally 

active anti-inflammatory proteins that inhibit the interaction between leukocytes and 

endothelial cells in vitro and in vivo, suggestive that microparticles could be important 

for maintaining appropriate inflammatory responses210. It has also been suggested that 
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microparticles have anti-coagulant properties as they may be involved in the activation of 

protein C, a serine protease important for preventing coagulation211. In clinical studies, it 

has been demonstrated that patients with subclinical or less occlusive atherosclerosis 

have higher circulating EMP levels when compared to patients with established or 

symptomatic atherosclerosis137, 212. Moreover, microparticles released during sepsis, a 

condition that compromises endothelial function, have been found to be protective 

against vascular hyporeactivity and predict a favorable outcome in sepsis in terms of  

mortality or organ dysfunction213, 214. 

According to the hypothesis proposed by Tushuizen and colleagues that 

microparticles serve a critical role in cellular homeostasis and have protective properties 

in healthy and/or early disease states; our finding that higher BPV is associated with 

lower EMP levels may still be in agreement with our hypothesis that increased BPV 

elicits endothelial damage and/or dysfunction. Intuitively, lower levels of circulating 

EMPs could indicate that the ability of the endothelium to release EMPs has become 

impaired. Consequently, the health, integrity, and viability of the endothelial cells could 

be diminished in those participants with higher BPV given the seemingly important role 

EMP release may play in maintaining cellular homeostasis.  

Irrespective of any potential explanation for our observed findings, our study 

nonetheless is the first to investigate circulating EMP levels in any African American 

population. Interestingly, only body weight, triglycerides levels, and 24-hour MAPV 

were associated with either CD31+CD41- EMPs or CD62+EMPs in multivariable 

models. Given the large number of clinical variables that were studied, it is certainly 
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noteworthy that 24-hour BPV was one of the few correlates of EMP levels in this 

population.  

 

Limitations 

Several limitations must be noted when interpreting our study findings. First, our 

findings for 24-hour BPV when calculated by the ARV index were not confirmed when 

24-hour BPV was quantified using wSTD. However, in the IDACO study, the largest 

study to date on 24-hour ABPM, 24-hour BPVARV was a better predictor of mortality and 

of cardiovascular and stroke events than 24-hour BPVwSTD
10. This finding led 

investigators to conclude that the ARV index might be a more specific measure of 24-

hour BPV than wSTD. Moreover, since Bilo et al. introduced wSTD in 2007183 there 

have been no prospective studies that have used this index of variability. Thus, its clinical 

relevance has been questioned10, 181, 182.  Finally, as a mathematical quantification of 

variability, it has been argued that wSTD only reflects the dispersion of values around the 

mean, does not account for the order in which measures are obtained, and is sensitive to 

low sampling frequency as occurs during ABPM181, 182. 

For measures of visit-to-visit BPV, both indices of BPV (STD and ARV) showed 

associations with measures of vascular function. Interestingly, more striking results were 

observed for BPVSTD as differences were noted for measures of EMPs, FMD, and NMD 

for both SBPVSTD and DBPVSTD groups. In contrast, differences were only noted for 

DBPV groups, but not for SBPV groups, in vascular function measures using the ARV 

index to quantify visit-to-visit BPV. In prior studies, the STD in visit-to-visit BPV has 

been more frequently used as the primary measure of BPV13, 25, 27, 215-217.  In fact, to date 
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only one study has investigated and demonstrated the utility of visit-to-visit BPV 

quantified using the ARV index14. Thus, stronger rationale exists for the use of STD in 

the quantification of visit-to-visit BPV. Our findings would tend to coincide with this 

sentiment. Whether variability around the mean BP has greater prognostic values then 

measures of time series variability for office BP, however, remains to be elucidated. 

A second limitation that must be acknowledged is the use of 3 visits to quantify 

visit-to-visit BPV. A recent reproducibility study by Munter et al. showed that the 

reproducibility of visit-to-visit BPV was lower when using 4 visits vs. 7 visits. Therefore, 

it was concluded that investigators should use caution when interpreting data based on 

only a few visits218. Nonetheless, data from NHANES III, the only published data on 

visit-to-visit BPV in the general-population to date, showed that visit-to-visit BPV 

quantified across 3 visits was associated with all-cause mortality13. Thus, it appears that 

BPV even across as few as 3 visits may have some prognostic value. 

Thirdly, FMD is largely invoked by shear stress, and thus is proportional to the 

magnitude of reactive hyperemia. It has been recommended that FMD should be 

normalized by dividing the percentage change of FMD by shear rate AUC in order to 

account for the heterogeneity of blood flow responses across subjects219, 220. In our study, 

however, we did not normalize FMD by the shear rate AUC. Thus, our results could have 

been confounded by inter-subject variability in hyperemic shear stress. It should be noted 

though that this shear stress normalization approach has recently been brought into 

question as some have argued that it may be an imprecise measure subject to violation of 

statistical assumptions221. At the present no consensus exists as to how to appropriately 

control for differences in the magnitude of reactive hyperemia induced by FMD.  
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Finally, there exist several pitfalls and limitations to our assessment of EMPs. 

First, there are presently no consensus-driven statements or standardized methods based 

on scientific evidence for the measurement of microparticles. Processing and analyzing 

techniques differ from investigator to investigator, thus comparisons across studies are 

difficult and should be done so cautiously. Secondly, it has been suggested that during 

phlebotomy the first 3 ml of blood be discarded to reduce contamination by endothelial-

injury induced mircovesiculation191. In the present study, we did not employ such a 

protocol. Thirdly, microparticles have been shown to be reduced by long-term storage at -

80°C222. It has therefore been recommended that samples be analyzed fresh, if possible, 

or stored at an equal length of time before measurement. Unfortunately, due to logistic 

issues with the present study, this was not feasible. Hence it is possible that differences in 

freezer storage time could have confounded study results.  

 

Concluding Remarks and Future Directions 

Our study provides novel information by assessing the relationship between BPV 

and measures of vascular function for the first time in humans. We observed three key 

findings. First, our results provide some evidence that endothelial function is decreased in 

African Americans with high visit-to-visit BPV. Second, we showed that higher visit-to-

visit and 24-hour BPV are both associated with a greater vasodilatory response to 

nitroglycerin. Finally, we showed that increased 24-hour BPV is associated with lower 

circulating EMP levels. From these findings it does appear that BPV does have a 

relationship with vascular health, although the nature of this relationship is still unclear. 

Additional research will be needed to confirm these results, determine the clinical 



 
 

107 
 

relevance of the FMD/NMD ratio, and resolve the conflicting hypotheses regarding the 

interpretation of circulating EMP levels. 

 

Study # 2 

Main Findings 

In our second study investigating the effects of AEXT on 24-hour BPV and visit-

to-visit BPV, there were two key findings. First, our results showed that, contrary to our 

hypothesis, 6-months of AEXT significantly increased 24-hour DBPV and 24-hour 

MAPV.  These findings were observed regardless of whether the ARV index or wSTD 

was used to quantify BPV measures from ABPM. Furthermore, the change in 24-hour 

DBPV was independent of changes in mean BP, BMI, and sleep-time. For measures of 

visit-to-visit BPV, there were no significant changes for any measures of SBPV or 

DBPV. From these findings, it does not appear that AEXT elicits beneficial changes in 

visit-to-visit BPV or 24-hour BPV in African Americans. 

The second important finding of study #2 came from analyses investigating 

potential mechanisms contributing to changes in BPV. It was observed that changes in 

HRV were associated with changes in both 24-hour DBPV and 24-hour MAPV. 

Specifically, the change in sleep HRV was positively associated with changes in 24-hour 

DBPVARV, 24-hour DBPVwSTD, and 24-hourMAPVwSTD; the change in awake HRV was 

positively associated with changes in 24-hour DBPVARV and 24-hour MAPVARV; and the 

change in 24-hour HRV was positively associated with the change in 24-hour MAPVARV. 

HRV is widely considered to be a measure of autonomic function223, thus our finding of a 

relationship between changes in BPV with changes in HRV could suggest that changes in 
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autonomic function may be underlying the changes in BPV. Conversely, it is also feasible 

that changes in HRV are reflective of changes in activity levels between the two different 

24-hour monitoring sessions (pre- vs. post-AEXT). 

 In addition to our principal findings regarding the effects of AEXT on BPV and 

the factors that are associated with changes in BPV, there are two additional findings of 

note. First, we observed that changes in 24-hour DBPV were strongly associated with 

changes in visit-to-visit DBPV. Coinciding with our prior findings from study #1, this 

finding provides further evidence that 24-hour BPV and visit-to-visit BPV could be 

partially related phenomenon. Second, we observed that both markers of EMPs were 

significantly decreased post-AEXT. To the best of our knowledge, our study is the first to 

demonstrate that AEXT decreases circulating levels of EMPs. Whether these reductions 

are the result of reductions in EMP release or improved microparticle clearance is 

unclear. However, because this finding is outside the scope of our research aims for study 

#2, it will not be discussed further.  

 

Effects of 6-month AEXT Intervention on 24-hour BPV 

 Although our finding of increased 24-hour BPV was counter to our hypothesis 

that AEXT would reduce BPV levels, several previous studies investigating the efficacy 

of antihypertensive drugs in the treatment of 24-hour BPV have similarly reported 

increases in 24-hour BPV after treatment. In a study investigating the efficacy of 7 

different antihypertensive drugs on beat-to-beat 24-hour BPV, Mancia et al. found that 6 

out of 7 antihypertensive regimens elicited increases in 24-hour MAPV quantified using 

the coefficient of variation154. In a subsequent study, Mancia et al. furthermore found that 
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24-hour SBPV and DBPV, quantified using the coefficient of variation, were unchanged 

or increased when compared to baseline BPV measures after treatment for 4 to 8 weeks 

with an ACE inhibitor or CCB155.  A later study in 2006 by Ichiara et al. also found that 

the STD in 24-hour SBPV and DBPV were increased after 12 months of treatment with 

valsartan. However, it should be noted that they did report decreases in an amlodipine 

treatment group 157. Given that 3 separate studies have similarly reported increases in 24-

hour BPV after treatment, these prior findings could indicate that our results with AEXT 

may not be not spurious findings. 

In addition to those studies that have reported increases in 24-hour BPV, the few 

remaining studies that have also investigated treatment effects on 24-hour BPV have not 

reported convincing results that 24-hour BPV can be reduced by treatment. Both the Syst-

Eur Trial and the ELSA study reported that 24-hour BPV quantified using the coefficient 

of variation was unchanged after antihypertensive drug treatment 21, 156. In the X-

CELLENT study, a significant reduction in 24-hour SBPV, quantified using the ARV 

index, was observed in an amlodipine treatment group. However, this reduction was 

relatively small (-0.6 mmHg); moreover, no changes were observed in candesartan or 

indapamide slow release treatment groups. Thus, to date there is little scientific evidence 

that 24-hour BPV is affected by pharmacologic treatment. 

From the accumulation of findings to date regarding the efficacy of treatment 

modalities in the lowering of 24-hour BPV, two conclusions have been drawn. First, the 

treatment-induced changes in mean BP levels may be the major determinant of changes 

in BPV reduction. In the Syst-Eur trial, the ELSA study, and the two studies conducted 

by Mancia and colleagues, some reductions in 24-hour BPV were observed, however 
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after adjustment for changes in mean BP levels via the calculation of the coefficient of 

variation, no significant decreases in BPV were found21, 154-156. These findings have led 

some to speculate that changes BPV are proportional to reductions in mean BP156. In the 

present study, there were no significant changes in mean BP levels from office or ABPM 

measures. If reductions in BPV are proportional to reductions in mean BP levels, than it 

is possible that the lack of reductions in mean BP levels could explain why 24-hour BPV 

was not reduced in our study. It is likely that the lack of change in mean BP levels in our 

study population may, in part, be due to our inclusion of participants with normotensive 

BP levels in whom BP reductions with AEXT have been demonstrated to be less when 

compared to hypertensives224, 225. Future studies in hypertensive populations, therefore, 

may be needed to determine if AEXT-induced reductions in mean BP levels parallel 

reductions in BPV. It should be noted, however, that changes in 24-hour BPV were not 

associated with changes in mean BP levels, thus our findings are not in support of the 

hypothesis that BPV changes are proportional to changes in mean BP. 

The second conclusion that has been drawn regarding treatment effects on 24-

hour BPV in previous studies is that the lack of reduction in BPV by some 

antihypertensive treatment regimens might be one of the factors responsible for the lack 

of complete reversal of cardiovascular risk in treated hypertensive patients155. Our study 

findings do not support this hypothesis as a number of cardiovascular risk markers were 

improved irrespective of the observed increases in 24-hour BPV. Among them, we saw 

improvements in markers for cardiovascular fitness (VO2max), body composition (BMI), 

systemic inflammation (CRP), renal function (eGFR), carotid atherosclerosis (CCIMT), 

and endothelial function (FMD); in addition to improvements in fasting triglyceride and 
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glucose levels. Although we cannot rule out that reductions in BPV would have yielded 

even greater improvements in these markers, our data suggest that reductions in 

cardiovascular risk induced by AEXT occur independently and irrespectively of changes 

in BPV.  

 

Effects of 6-month AEXT Intervention on visit-to-visit BPV 

Data concerning the effects of different treatment modalities on visit-to-visit BPV 

have suggested that the lowering of visit-to-visit BPV may be of clinical importance, 

although discrepant results among drug classes have been observed. Retrospective 

analysis of the ASCOT-BPLA trial by Rothwell et al. it found that CCB treatment 

(amlodipine-based) and β-blocker (atenolol-based) treatment had opposite effects. Visit-

to-visit SBPV was reduced in the amlodipine-based treatment group, while conversely 

visit-to-visit SBPV was increased in the atenolol-based treatment group. Previous 

analysis of the ASCOT-BPLA trial showed that amlodipine-based treatment was more 

effective in preventing stroke and coronary events than was the atenolol-based treatment, 

however the reduced event rates in the amlodipine-based treatment group could not be 

fully explained by changes in mean BP or other risk factors161. When visit-to-visit SBPV 

was tested, it was found that reduced visit-to-visit SBPV fully accounted for the treatment 

effect of amlodipine in terms of reducing stroke and coronary event rates 160. Further 

confirming their findings, Rothwell et al. re-analyzed data from the MRC trial in which it 

was originally observed that atenolol-treatment had no effect on stroke risk for the first 2-

3 years of follow-up despite reductions in mean SBP over 10 mmHg, whereas the risk of 

stroke was substantially reduced with diuretic combination treatment162. Re-analysis 
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showed that visit-to-visit SBPV was substantially higher in the atenolol-treatment group 

when compared with both the placebo group and the diuretic combination treatment 

group during early phase follow-up (21 months). It was observed that the risk of stroke in 

the atenolol group followed the same time course as the changes in visit-to-visit SBPV. 

The risk of stroke was higher in the atenolol group in the first 2-year follow-up when 

compared to both the placebo group and the diuretic treatment group, but was lower 

when compared to the placebo group after 2 years follow-up when BPV no longer 

differed. Thus, investigators speculated that to prevent stroke most effectively, 

antihypertensive drugs should reduce mean BP without increasing visit-to-visit BPV; and 

ideally should reduce both160. 

Outside of these two studies, there is limited data concerning the effects of 

different treatments on visit-to-visit BPV and the corresponding reduction in 

cardiovascular risk. Three systematic reviews have been conducted using inter-individual 

variability of BP as a surrogate of BPV to investigate the effects of different drug classes 

on visit-to-visit BPV160, 163, 164. However, this measure quantifies BPV in an entire group 

of patients receiving a specific treatment by extracting mean BPs and STDs of whole 

treatment groups in randomized controlled trials, but does not quantify BPV individually 

for each person. Thus, our study is not only the first to investigate the effects of a non-

pharmacologic treatment modality on visit-to-visit BPV, but it is also one of the few 

studies that have ever investigated treatment effects on visit-to-visit BPV at the individual 

person level. Our results showed that 6-months of AEXT did not elicit significant 

changes in visit-to-visit BPV in our study population. However, this finding should be 

interpreted with some caution. First, there was a significant decrease in the number of 
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days between visits 1 and 2 post-AEXT, as well as a non-significant decrease in the 

number days between visits 2 and 3. Although at the present time there is no data 

regarding how frequently office BP measures should be taken to assess visit-to-visit BPV 

or whether non-uniform sampling intervals affect the reproducibility of visit-to-visit 

BPV, it is probable that this could have influenced our study findings. Second, as 

previously mentioned, the reproducibility of visit-to-visit BPV using three visits is low. 

Third, only 19 subjects had complete sets of BP measures (i.e. three visits) both pre- and 

post-AEXT. Retrospective power analysis showed that our study was underpowered (< 

80%) to detect differences for measures of visit-to-visit SBPV and DBPV from pre- to 

post-AEXT given a sample size of 19 participants. Thus, although our study is novel, 

larger studies with more visits and a more controlled sampling frequency will be needed 

before any conclusions can be drawn concerning the effects of AEXT on visit-to-visit 

BPV. 

 

Relationship between change in BPV and change in HRV 

 When we conducted analyses to identify potential variables that could influence 

changes in BPV, it was observed that changes in HRV were positively associated with 

changes in all 4 measures of 24-hour BPV that were increased post-AEXT. Interestingly, 

this finding is in accordance with findings from the X-CELLENT study, as it was 

reported that changes in HRV were positively associated with changes in BPV when HR 

and BP measures were obtained at a sampling interval of every 15 minutes by 24-hour 

ABPM15. Given that HRV is widely considered to be reflective of autonomic system 

function, these findings are suggestive that changes in autonomic nervous system 
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regulation may play a role in the treatment-induced changes in BPV. Unfortunately, the 

prognostic value and clinical importance of HRV assessed via ABPM is limited. Though 

it has been demonstrated to have prognostic value in the Ohasama Study and the 

Karatsu–Nishiarita Study11, 226, it has seldom been studied as a measure of HRV. Instead, 

the ECG Holter Method is the conventional method used for ambulatory HRV 

measurement because it permits the assessment of HRV from R-wave to R-wave rather 

than the every 15 to 30 minutes that occurs during ABPM; which some have suggested 

may be qualitatively and quantitatively different from the ECG Holter Method11.  

 Nonetheless, from their findings in the X-CELLENT study, Zhang et al. 

suggested that the significant relationship between the reduction in BPV and in HRV 

indicates a proportional decrease in the fluctuation of both BP and HR, which they 

attributed to the amelioration of autonomic nervous system regulation. Along the same 

lines, we could speculate that the increase in BPV and in HRV could be attributed to 

declines in autonomic system regulation. Unfortunately, from a physiological standpoint, 

the hypothesis proposed by Zhang et al. may not be entirely accurate considering that an 

inverse relationship exists between BPV and HRV because BP and HR are 

synchronously, but reciprocally regulated by the cardiac baroreflexes11, 227. Thus, 

increases in HRV paralleling increases in BPV would be counterintuitive to our current 

understanding of how baroreflex system regulates BP and HR. 

 We suspect that a more likely explanation for the observed positive associations 

between changes in BPV and HRV in the present study and in the X-CELLENT study is 

that the changes in HRV from ABPM are reflective of changes in activity levels during 

the 24-hour ABPM session from pre-intervention to post-intervention. Previous studies 
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have demonstrated that the levels of physical activity are a major modulator of 

ambulatory HRV, as HRV has been observed to be highly dependent on changes in 

physical activity, rather than simply reflecting autonomic tone228, 229. As such, the 

increases in BPV observed in the present study could be the result of increases in activity 

levels during the 24-hour monitoring session, rather than a result of the adaptations 

induced by AEXT. Unfortunately, although participants were encouraged to maintain 

similar activity patterns on pre-AEXT and post-AEXT ABPM sessions, no quantitative 

data was available to confirm that activity levels were similar. Future studies 

investigating treatment-effects on BPV should consider simultaneous actigraphy 

measures during 24-hour ABPM sessions in order to confirm similar activity levels 

between sessions.  

 

Limitations 

Several limitations must be noted when interpreting our study findings. First, as 

noted above, the number of days between office BP visits was not uniform and was 

significantly different from pre- to post-AEXT. Second, the reproducibility of visit-to-

visit BPV using only 3 visits may be poor. Third, changes in activity levels during 24-

hour ABPM from pre- to post-AEXT could have confounded study findings. Although 

24-hour BPV quantified using the ARV index has been shown to have fairly good 

reprocubility230, our finding of an positive association between changes in BPV and HRV 

could suggest that activity levels were increased from pre- to post-AEXT. Fourth, 

compliance to the prescribe AHA diet was poor. Thus, our ability to assess the effects of 

AEXT on BPV independent of dietary influences could have been confounded by 
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changes in dietary intake during the intervention. Finally, differences existed between 

participants who did and did not finish the AEXT intervention. Non-finishers had 

significantly higher 24-hour BPV, thus our findings could be confounding by the fact that 

participants with higher BPV did not complete the study.  

 

Concluding Remarks and Future Directions 

Our findings from study #2 provide the first information regarding the effects of 

AEXT on visit-to-visit and 24-hour BPV. We found that 6-months of AEXT elicited 

significant increases in 24-hour DBPV and MAPV, but did not change visit-to-visit BPV 

in African Americans. The changes in BPV, or lack thereof, did not parallel reductions in 

cardiovascular risk factors, as markers for cardiovascular fitness, systemic inflammation, 

renal function, atherosclerosis, and endothelial function were all improved with AEXT. It 

was furthermore observed that changes in 24-hour BPV were positively associated with 

changes in HRV, which could indicate that changes in activity levels during 24-hour 

ABPM, in part, contributed to the observed changes in 24-hour BPV. Additional research 

in different populations using different AEXT programs (e.g. different frequencies, 

intensities, and duration) will still be needed to determine the effects of AEXT on BPV. 

Future studies may need to control for activity levels by use of actigraphy to elucidate the 

independent effects of exercise on 24-hour BPV. 
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1.  PURPOSE OF THE STUDY 
African Americans have hypertension more often than any other population in the 

United States.  Most of the time, African Americans get hypertension at an earlier age 
and it causes more damage. Changes that happen to the blood vessels (the hollow 
tubes that carry blood through the body) may help to explain how a person gets high 
blood pressure. It is also known that a person’s genetic make-up can play a role in 
getting hypertension. In most people, exercise can help to make these damaged blood 
vessels better, but a person’s genetic make-up may affect how well exercise works for 
them. 
  You are being asked to join this study because you are between 40-75 years old 
and have a blood pressure between 120/80 and 159/99.  
 This is a research study and the purpose of the study is to understand how aerobic 
exercise and genes affect your blood pressure and blood vessels.  Examples of aerobic 
exercise are fast walking, bicycling, and stair stepping. 
 
2. DESCRIPTION OF THE PROJECT 
 If you qualify for the study, you will be enrolled for a total of 9-10 months. This 
includes a screening process, a diet, exercising, and testing before and after the 
exercise program. You will be one of many people participating in this study at Temple 
University. 
 This is not a weight loss study. In fact, the investigators want you to keep your 
body weight about the same during the study so that they can only look at the effects of 
exercise on your blood pressure and blood vessels. If you are a woman and taking 
hormone replacement medication for menopause, then you will continue your usual 
medication as prescribed by your doctor. A table showing the visits you will make and 
the amount of time needed for each visit is shown on the last page of this consent form. 
  
Screening 
 You will have two or three separate screening visits to Dr. Brown’s laboratory in the 
Department of Kinesiology at Temple University.  
 The first screening visit will take place in the morning after you have not eaten for 
12 hours.  Once you arrive to the laboratory, the staff will review with you what you will 
be doing on this first visit. First, you will give a urine sample for testing and then you will 
have your weight, height, and blood pressure measured. To give the urine sample, the 
staff will give you the appropriate items depending on if you are a man or a woman 
which you will take to the restroom next to the laboratory. You will collect some of your 
urine in the plastic container and return to the laboratory. The staff will then take the 
container of urine and dispose of the urine collection containers. Next, you will sit quietly 
for 15 minutes and then your blood pressure will be measured. You will then have a 
blood sample taken from your arm by staff trained in the procedure.  The staff member 
will tighten a band around your upper arm, wipe your arm with alcohol and then insert a 
small needle in a vein in your arm.  Three tubes of blood will be filled. One tube will be 
used to measure chemicals in your blood like glucose and salt in order get information 
about your health. The second tube of blood will be used to measure cholesterol and fat 
levels and the third tube will be for getting your DNA (Genetic material). The total 
amount of blood that will be taken is about 1½ tablespoons. The total time for this visit is 
approximately 1 hour. 
 It is possible that some of your DNA will also be frozen for future studies. However, 
this can only be done if you sign a separate consent form indicating that the 
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investigators can store a sample of your DNA for future use. If you decline to give 
consent for storage and future use of you samples, this will not affect your participation 
in the study. 
 
 If you are not using any medicine to lower your blood pressure, and your blood 
pressure is between 120/80 and 159/99, then you will qualify for the next screening visit. 
If you are using only one medicine to lower your blood pressure, then your blood 
pressure must be less than 130/85 in order to slowly stop your medication. If it is higher 
than this, then you will not be allowed to participate in the study. The study physician, Dr. 
Crabbe, will watch over the stopping of your medicine. Before your medication is slowly 
tapered, you will visit Dr. Brown’s laboratory to get a small blood pressure machine and 
to go over the plan for stopping your medicine. During the time that your medication is 
being stopped, you must check your blood pressure every day and keep a log of the 
blood pressure values. You will also be given information telling you how to safely stop 
your medication. During the time that your medication is being stopped, you will begin an 
American Heart Association diet (see below).  If your systolic blood pressure (top 
number) goes to 160 mmHg or your diastolic blood pressure (lower number) goes to 100 
mmHg, then you will immediately contact the investigators.  If you must restart your 
blood pressure medication you cannot take part in this study.  If this happens, a letter will 
be sent to your personal physician explaining that you should start your usual treatment 
for your blood pressure. Four weeks after your blood pressure medication has been 
stopped, you will visit the laboratory in the morning for a second screening visit. During 
this visit, you will have your blood pressure measured.  If your systolic blood pressure is 
between 120 and 159 and your diastolic blood pressure is between 80 and 99, while you 
are not taking blood pressure medication, then you will qualify for the next phase of the 
screening.  
  During the second screening visit you will have a physical examination by Dr. 
Crabbe, an ECG (a way for the doctors to look at how your heart functions to see if it is 
healthy) and have your blood pressure measured after 15 min of seated quiet rest. In 
order to have this test, a technician will apply small sticky pads to the skin of your upper 
body. At the location where the sticky pads are placed, your skin will be rubbed with an 
alcohol pad. Next, you will have an exercise test to see if you have any signs of heart 
disease. This test will be performed so that the investigators can be sure that the 
exercise program will be safe for your heart. During the exercise test, you will ride a 
bicycle and have pictures of your heart taken by echocardiography, sometimes called 
cardiac ultrasound. Echocardiography is one of the most commonly used tests for heart 
disease. It is non-invasive and involves placing a small wand on your chest. It uses 
sound waves to takes pictures of the heart.  The test will take place at the 
Cardiovascular Center in Temple University Hospital. The test will begin easy and the 
pedaling will get harder every three minutes. The total time for the bicycle is 
approximately 8-12 minutes. You can ask the technician to stop the test at any time if 
you become uncomfortable. During this exercise test, your blood pressure and heart will 
be monitored.  At certain times during the test, a technician will ask you to point to a 
chart to indicate how difficult the exercise is feeling.  A physician will be present during 
the test. You understand that, if the test shows that you might have heart disease you 
will be excluded from the study at this point and you will be asked to be seen by your 
personal doctor or arrangements will be made for you to be seen by a doctor at Temple 
University Hospital.  The total amount of time for this visit is 1 hour.   
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Baseline testing 
Diet Program: After the second screening visit, you will go to a dietary class 

once per week for 6 weeks to learn how to eat an American Heart Association (AHA) 
Diet. This diet is called a “Step 1” diet because it is the first step in eating foods that are 
healthy for your heart. At each diet class, your weight and blood pressure will be 
measured.  If the diet is causing you to lose weight, you will be asked to increase your 
intake of healthy foods slightly. The staff will help you figure out ways to do this. The 
amount of salt in your diet will be measured at the end of the 1 month period by 
providing another urine sample.  
 Submaximal VO2 test: VO2 stands for the amount of oxygen that your body 
uses when you are resting or doing physical work. Before the test begins, you will have 
your resting metabolic rate (A measure of how many calories your body burns) 
measured during 20 minutes of quiet rest while lying down on a table. VO2 will be 
measured continuously during the 20 minutes by placing a hard plastic covering around 
your head for 20 minutes. You will just relax and breathe normally. After 20 minutes of 
quiet breathing, you will be prepared for the exercise test. The investigators need to 
measure your VO2 during exercise in order to plan your exercise program. During this 
test, you will walk on a treadmill and wear a clip on you nose and have a tube connected 
to a mouthpiece so that the air you breathe out during the test will go into a machine that 
will measure oxygen and carbon dioxide. This test will start at a medium walking peed 
and the hill of the treadmill will get steeper and the walking speed will get a little faster 
every 3 minutes. Your blood pressure, heart rate, and your heart tracing (ECG) will be 
monitored before, during, and after the treadmill test. The test will be stopped when you 
reach 75% of your maximal exercise capacity. You will have this test three times, once 
before starting the exercise program and after 3 and 6 months of being in the exercise 
training program. The total amount of time that you will be on the treadmill is 8-12 
minutes. The total amount of time for the visit is about 1 hour. 
 
  Ambulatory Blood Pressure Monitoring and Urine collection: Ambulatory 
blood pressure is the blood pressure in your body as you go about your regular day.  On 
a separate day, you will begin a 24-hour blood pressure monitoring and urine collection 
period. This will happen on a day in which you have a normal schedule. You will visit Dr. 
Brown’s laboratory in the morning between 7:00 AM and 9:00 AM. Laboratory staff will 
give you all of the materials required to complete the 24-hour period. The urine collection 
period will begin immediately. You will be fitted with a blood pressure monitor that will 
measure your blood pressure during the next 24 hours. The blood pressure monitor is a 
small electronic device that can go under your clothes. The monitor is connected to a 
blood pressure cuff that goes around your upper arm just like when you have your blood 
pressure measured. The blood pressure monitor will measure your blood pressure every 
30 minutes during your waking hours and every 60 minutes during your sleeping hours. 
You will have the monitor for 24 hours so this means that you will have it when you go 
home and even when you go to bed. You will be asked to not exercise before or during 
the day of blood pressure monitoring. This means that you will not do any exercise or 
other physical activities that you would not regularly do. If you are walking about at the 
time of a blood pressure measurement, then you will stop if it is safe and pause until the 
measurement is completed. For example, if you are walking across the street and the 
machine begins to measure your blood pressure, you should continue across the street 
and then find a place to stop for a few minutes. You will be given a log book so that you 
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can write down what you are doing each time that your blood pressure is measured. You 
will be instructed to not remove the monitor except for bathing purposes, after which you 
will put the blood pressure monitor and cuff back on.  Staff will show you how to take off 
and put on the blood pressure monitor and cuff.  You will also be given the materials in 
order save all of your urine during the 24-hour period. 24-hours from the start of the 
blood pressure monitoring period you will give your last urine sample and remove the 
blood pressure cuff and turn off the monitor. This will end the 24-hour period.  You will 
do have this test two times, once before and once after 6 the month exercise program. 
 

Body composition and blood drawing: On the same day as the 24-hour 
ambulatory blood pressure monitoring and urine collection period, you will have your 
body composition (the amount of fat muscle and bone) measured. This measurement 
will tell the investigators what percentage of your body is fat. The instrument that 
measures your body composition is called bioelectrical impedance (BIA). The machine 
will cause a very small electrical current to go through your body for 2-3 seconds. It is 
one of the most common ways to measure your body composition. People who join a 
gym to workout often have this done at the gym before they start their exercise program. 
To do this test, you will lie on a table on your back with your left foot exposed. You will 
have to take off your left shoe and sock or remove any stockings. A technician will place 
two sticky pads on your left foot and two sticky pads on your left hand. The day before 
this test, you will be told to not exercise, drink alcohol, or eat food that is more salty than 
what you eat in your regular diet. This will help the investigators and you to get the most 
accurate information. 

After your body composition is measured you will have blood samples taken so 
that the investigators can measure how you body changes with exercise training. This 
will be done twice during the study; once before and once after the exercise training. The 
blood will be taken the same way a described above in the screening visit.  A needle will 
be placed in your arm vein and 6 tubes of blood will be obtained. These blood samples 
will be used to measure chemicals in your blood that help the investigators to know more 
about your blood vessels and blood pressure. Approximately 1 ounce (2½ 
tablespoonfuls) of blood will be taken. You will have your body composition measured 
two times, once before and once after the month exercise program. You will have your 
blood taken three times, once before, mid-way through, and at the end of the 6 month 
exercise program. 

 
 Blood Vessel Function Testing: The blood vessels are the small hollow tubes 
that carry blood through your body. They are called arteries and veins. This test will be 
done at the Cardiology Section at Temple University Hospital after an overnight fast (12 
hours) so that the investigators can measure how well the blood vessels in your arm 
work. The investigators use an ultrasound machine to take pictures of a blood vessel in 
your arm. If you are right-handed, the test will be done on your left arm. If you are left-
handed then the test will be done on your right arm. You will be asked to not eat or drink 
food or liquid that has caffeine, alcohol, or pain medicines like aspirin, Advil, or Motrin, 
and not take any decongestants, cold or allergy medicines for the whole day before the 
study. You will lie down comfortably on a table. Following 20 minutes of quiet rest on the 
table, a blood sample (about 1½ tablespoons) will be taken. First, the doctor will put a 
gel (Similar to Vaseline) on your arm. The doctor will place a small device called a wand 
on your skin near your elbow and hold it still for several minutes while pictures are being 
taken.  
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 Next, the same measurement will be made, but this time, it will happen after 5 
minutes of stopping the blood flow going into your arm.  To do this, the doctor will put a 
cuff around your arm. The cuff is just like the cuff that is put on your arm to measure 
your blood pressure.  Just like when your blood pressure is measured, the cuff is 
pumped up until the blood stops going into your arm. This test is the same except that 
the cuff will stay pumped up for 5 minutes. Your hand may begin to feel “numb and 
tingly” similar to the feeling when your hand or foot falls asleep. When the air is let out of 
the cuff, the measurements with the ultrasound machine will be made for three minutes. 
During this time you will continue to lie down on the table in a comfortable position.  
 After a 10-15 minute rest period, the same test will be done again but this time it 
will be done after small amount of a substance called a nitroglycerine tablet is placed 
under your tongue. Nitroglycerine is a substance that causes your blood vessels to relax. 
It is most often used when people have chest pain due to heart disease. Nitroglycerine 
can also lower your blood pressure for a short time. Very rarely, it causes a mild 
headache that last for 5-10 minutes. 
 During the same visit, two blood vessels in your neck (carotid arteries) will be 
measured to find out the thickness of the blood vessel walls. The thickness of the blood 
vessel walls in your neck is sometimes related to the risk for cardiovascular disease. 
This test will be done using the same ultrasound machine that was used to measure the 
blood vessel in your arm. The doctor will place a small amount of gel on each side of 
your neck and then place a small wand on the skin. Pictures will be taken for 3-5 
minutes. The total time for this visit to measure arm and neck blood vessels is 
approximately 1 ½ hours. You will have this test done two times during the study; once 
before and once after the exercise training.  
 On a separate day, you will visit Dr. Brown’s laboratory in the Department of 
Kinesiology at Temple University to have your blood vessels measured using a different 
kind of machine. For this test, you will also lie down comfortably on a table after not 
eating for 12 hours. You should not eat foods or liquids that have caffeine or alcohol in 
them and you will be told not to take an pain relievers, decongestants, cold or allergy 
medicines for the whole day before the test. Measurements will be made after 20 
minutes of quiet rest. During the rest time, the investigators will comfortably support your 
arm in an armrest and put a blood pressure cuff on your upper arm. A second smaller 
blood pressure cuff will be put around your wrist. Next, a very thin hollow rubber band 
filled with mercury, called a strain gauge will be placed around your forearm. The test will 
begin when the investigators pump up the cuff around your wrist. Your hand will start to 
fell numb. The cuff around your upper arm will then be pumped up only a little bit every 
15 seconds. During this time, blood pressure will be measured in your other arm. After 
these measurements and a 15-minute rest period, the investigators will again do the test 
but this time it will be after 5 minutes of having the cuff inflated just like what was done in 
the other test. This is when the cuff on your arm is pumped up very high for 5 minutes. 
After the 5 minutes, the air is let out of the cuff and the measurements will begin again 
and last for 3 minutes. This entire visit will last approximately 1 hour. You will have this 
test done two times during the study; once before and once after the exercise training. 
 
Exercise Training Program  

After completing the Baseline Testing described above, you will begin an aerobic 
exercise training program for 6 months. Aerobic exercise is physical exercise that uses 
large muscles like the legs and is continuous meaning is done for 20 minutes or more. It 
is not exercise like lifting weights. Aerobic exercise is the kind of exercise that doctors 
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say will help to lower blood pressure, lower cholesterol levels, and lower the chances of 
getting diabetes. Examples of aerobic exercise are fast walking and bicycling. You will 
visit the exercise facility in the Department of Kinesiology at Temple University 3 times 
per week. Study personnel will supervise all exercise sessions. You will learn how to 
measure your heart rate and to use heart rate monitors so that you will know how hard 
you are exercising. At your first exercise session, you will exercise for 15-20 minutes at 
the lowest level of difficulty. As you get in better shape, the amount of exercise you do 
will increase gradually until you are exercising for 40 minutes of moderate intensity 
exercise every session. The investigators do not want you to exercise as hard as you 
can because they know that lower levels of exercise are most healthy, They call this 
level of exercise “moderate intensity”. You will be able to choose from different exercise 
machines. Exercise sessions will last between 40 and 60 minutes.  
  
Final Testing  

After you finish the 6 month exercise program, you will have everything re-tested in 
the same order as the testing that occurred during Baseline Testing.  In addition, you will 
have the treadmill exercise test to measure your fitness level after the exercise training 
program. These final tests will happen 36-48 hours after one of your regular exercise 
sessions.  
 

The total number of times that you will be stuck with a needle during the entire 
study is 4 (once during screening, once during baseline testing, one mid-way through the 
exercise program, and once during final testing). The total amount of blood that will be 
taken from your arm during the entire study is about 12 tablespoons over the 9-10 month 
period that you participate in the study.  
 
Possible risks related to participation in this research study 
 The following risks, although low, are related to your participation in this research 
study. 
 
 Exercise testing: During the study, there are times when you will do a treadmill 
test that requires you to exercise as hard as you can. These tests are called maximal 
exercise tests. This is not the same as the exercise training in which you exercise 3 
times a week. The risk of a maximal exercise test is that out of 10,000 tests, someone 
has a medical problem. In 1 out of every 70,000 exercise tests, a person will die from 
heart problems. In medical terms, doctors call this a rare event. The investigators will 
make sure it is as safe as possible for you to do this test because you will already have 
had tests including blood tests and a physical examination that will help the doctor to find 
out whether you are healthy enough to perform maximal exercise. Also, a doctor will be 
present when you do the test. 
 Giving blood: The research staff will take your blood in exactly the same way as 
when you have your blood taken at the doctor’s office. There is a small risk of bruising 
and rarely infection. These risks will be lowered by using sterile procedures and by 
having trained research staff take all blood samples. There is also some pain associated 
with needle sticks and sometimes, people have been known to faint during needle sticks 
and blood drawing. We will take your blood while you are lying down which helps to 
prevent fainting. 
 Stopping your blood pressure medicine: The risks are that your blood pressure 
could increase to unsafe levels (greater than 180/120). Unsafe levels of blood pressure 



   148

 
 148

can lead to headache, stroke, chest pain, heart attack and damage organs such as the 
kidneys and heart.  These types of very high blood pressure emergencies are rare. 
Many doctors that treat high blood pressure feel that it is a good idea to reduce medicine 
once a year to see if the amount of medicine can be lowered. The investigators will only 
talk to you about stopping your medication if your blood pressure is not higher than 
130/85 while you are taking your medicine. Your risk will be reduced because during this 
time you will also be changing your diet which may help to lower your blood pressure. In 
addition, the study doctor will check you as you begin to slowly stop your medicine. In 
order to help the study doctor make sure it is safe for you to stop your blood pressure 
medicine, the investigators will give you a blood pressure monitor to take home. The 
investigators will show you how to measure your blood pressure during the day. You will 
keep a log of your blood pressure numbers and report it to the investigators. If your 
blood pressure increases to more than 160/100, then the investigators will tell you to 
resume your medicine.   
 Measuring your body composition: There are no known risks of having the 
amount of fat measured in your body. There are no needles and no pain. Sticky pads are 
placed on your foot and hand. The test takes about 5 minutes.  
 Measuring Blood Vessel Function: The blood vessels are the small hollow 
tubes that carry the blood in your body. The risk of these tests is the minor discomfort 
you will feel when the blood pressure cuff is pumped up because it will cause the blood 
to stop going into your arm and hand and this will happen for 5 minutes. There are no 
procedures to lower the chances of having this discomfort. This discomfort is the same 
as when your foot falls asleep. There are no known risks of having ultrasound. During 
part of the test, a small nitroglycerine tablet will be placed under your tongue. 
Nitroglycerine can sometimes lower your blood pressure and sometimes cause a 
headache for 5-10 minutes. Your blood pressure will be prevented from going lower 
because you will be lying on a table. A Cardiologist will be performing the test and will 
monitor you during the entire visit. 
 Measuring your ambulatory blood pressure: You will be wearing a small 
device that will measure your blood pressure during a regular day. When the blood 
pressure monitor pumps up the cuff, it is possible to hear the sound of the pump when 
you are in a quiet place. About 2 out of 100 people say that they have woken up during 
the night. These people also say that they are light sleepers. At night, the machine will 
measure your blood pressure 1 time every hour. There are no procedures to lower the 
chances that the blood pressure machine might wake you while you are sleeping. The 
investigators will show you ways that might help so that this does not happen. 
 Exercise training: The risk of exercise training is that it is possible to have a 
medical problem usually related to your heart.  Out of every 375,000 hours of exercise 
training there are 2 times in which a person has a medical problem. This is the same as 
1 medical problem for every 1.7 million miles of walking. These risks will be lowered 
because you will have a physical examination and an exercise test to make sure it is 
safe for you to train. There will also be trained staff that knows how to handle medical 
problems if it happens during an exercise training session. 
 Genetic Testing: As part of the study, the investigators will be analyzing your 
DNA to see if it gives them information about how your blood vessels work and how your 
blood vessels and blood pressure are affected by exercise. DNA is the material in your 
body that is passed on from parent to child and from generation to generation. The 
investigators will get your DNA during one of the times that they take your blood at the 
start of the study. The risks of having your blood taken have already been described 
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above. The risk of genetics testing is finding out that you have a gene that shows that 
you may have a higher risk for getting a disease in the future.  These risks are low 
because the places in your DNA that the investigators are looking at do not tell them if 
you will or will not get cardiovascular disease in the future.  
 
 Since there may be unknown risks to pregnant women and their unborn child, if 
you are nursing, pregnant, or planning to become pregnant, you will not be allowed to 
participate in this research study.  
 You confirm to the best of your knowledge that you are not pregnant and if you 
become pregnant during the course of this study, you must notify your physician and the 
investigators immediately. 
 
Possible benefits of participating in this study 
 It is well known that African Americans suffer more from high blood pressure 
(hypertension) compared to other populations in the United States. There are direct 
benefits to you as a result of your participation in this study. Some of these benefits are 
greater than those you would have from usual medical testing. For example, 24-hour 
ambulatory blood pressure monitoring, dietary counseling, exercise testing, cardiac 
ultrasound, and supervised exercise training are not usual medical practice procedures. 
You will benefit from the medical and cardiovascular testing, measurement of your 
cholesterol and glucose. Most experts think that exercise is usually good for your overall 
health. The benefits of aerobic exercise training on risk factors for cardiovascular 
disease are well known. When blood pressure is lowered, it lowers your chances of 
getting heart disease and having a stroke. Even when blood pressure is not lowered with 
exercise training, healthy changes in body composition, cholesterol, and glucose and 
insulin almost always happen. You will also benefit from the diet. This diet is the first 
step to a low fat/low salt diet that is healthy for your heart. The benefits of a lower fat and 
salt diet are also well known. It is the investigator’s hope that the exercise becomes an 
enjoyable experience and that you will enjoy exercising with others who share many of 
the same health and fitness goals as you do.  The benefits of dietary counseling and 
exercise training have been shown in large studies involving many participants.  
Whether these benefits will occur in you cannot be guaranteed.   
 
Alternative Treatments 

Alternative treatments to aerobic exercise training are very limited. Of course, 
under your physician’s direction, there is the option of increasing your medications to 
control your blood pressure. This may be the case even if exercise does lower your 
blood pressure. However, blood pressure medicine cannot do all of the things that 
aerobic exercise can. All of the side effects of aerobic exercise training in terms of health 
are beneficial. There are other treatments that do not use medication. Lowering the 
amount of salt in your diet and reducing your body weight if you are overweight may help 
to lower your blood pressure too. As with exercise, these treatments may not be 
effective for every person, and, each person may respond differently to them. You 
should always ask your doctor before you start any of these ways to help treat your 
blood pressure. You also have the choice to not participate in this study. 

 
Confidentiality Statement 
 All documents and information about to this study will be kept confidential in 
accordance with federal, state, and local laws and regulations. You understand that 
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medical records and data generated by the study may be reviewed by Temple 
University’s Institutional Review Board, the Office for Human Research Protections, and 
the National Institutes of Health to assure proper conduct of the study and compliance 
with federal regulations. You understand that the results of this study may be published. 
If results are published, you will not be identified by name. 
 
Voluntary Participation Statement 
 You understand that participation in this study is entirely voluntary, and that refusal 
to participate will involve no penalty or loss of benefits to you. You may discontinue your 
participation at any time without penalty or loss of benefits. 
 
Compensation Statement 
 You understand that you will receive $150 if you complete this study and attend at 
least 90% of the exercise training sessions. You understand that you will receive $50 if 
you complete the baseline testing, an additional $50 if you complete the exercise training 
with at least 90% attendance, and an additional $50 if you complete the final testing.  
You will receive compensation for your participation in the form of cash at the end of the 
study.  If you do not complete the entire study you will receive partial compensation for 
those parts of the study you do complete. 
 
Institutional Contact 
 If you have questions about your rights as a research participant, you may contact 
the Institutional Review Board Coordinator at (215) 707-3390 
 
 If you have questions about research-related injuries, you may contact the 
Principal Investigator, Dr. Michael Brown, in the Department of Kinesiology at (215) 204-
5218. 
 
Standard Injury Statement 
 You understand that if you sustain an injury as a result of participation in this study, 
the physician’s fees and medical expenses that result will be billed to your insurance 
company or you in the usual manner. You understand that financial compensation for 
such injuries is not available. You understand that you have not waived any legal rights 
that you would otherwise have as a participant in an investigational study. 
 
Costs Statement 
 You understand that any doctor’s fees, medical tests, or other tests associated with 
this study will be provided at no cost to you. You understand that you are responsible for 
transportation to the study site and parking. 
 
Termination Statement 
 The investigators have the right to terminate your participation without regard to the 
your consent. This could occur if you cannot make your appointments, miss more than 
10% of your exercise sessions, or experience a change in your medical condition during 
the course of the study. 
 
Statement of Significant New Findings 
 You will be informed in a timely manner of any new information regarding this study 
that may have an affect on your willingness to participate, continue your participation, or 
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after your participation that may have an affect on your future medical care. You may be 
asked to sign a revised informed consent that contains this new information. 
 
Final Statement and Signature 
 This study has been explained to me, I have read the consent form and I agree to 
participate. I have been given a copy of this consent form.  
 
______________________________________
 _______________________ 
Participant’s signature Date 
 
______________________________________
 _______________________ 
Principal Investigator’s signature Date 
 
______________________________________
 _______________________ 
Witness’s signature  Date 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Timeline Visit Procedure Required 

Month 1 Orientation Visit 
1. Review medical history 
questionnaire, informed consent 
2. Blood pressure taken. 

1 hour time 

Month 1 Before Screening Visit 1 
12 hour overnight fast evening before 
screening visit 1 

12 hours intake 
monitoring 

Month 1 
 

Screening Visit 1 
1. Blood and urine sample drawn 
2. Blood pressure taken. 

1 hour time 

Month 1 Screening Visit 2 
Physical exam and exercise stress 
echo test 

1 ½ hours time 

Month 2 
Dietary Stabilization 

Period 

1. Learn and maintain AHA diet.  
2. Complete food records. 
3. Meet 1 session/week for 6 weeks 

1. Monitor and 
maintain dietary 
intake. 
2. Attend 2 dietary 
sessions a week for 
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4 wks 

Month 2 Before Baseline Testing 
12 hour overnight fast evening before 
first visit. 

12 hours intake 
monitoring 

Month 2 Baseline Testing 

1. Blood samples  
2. Body composition tested. 
3. Blood pressure taken. 
4. Blood vessel function tests 
5. 24 hour urine and BP collection. 
6. Submaximal treadmill test to 
measure fitness level 

Several visits: 
1. 1 ½ hours: 
Collection of blood, 
urine, blood 
pressure. 
2. Body comp. 
taken and take 
home supplies for 
24 hour collection. 
3. After 24 hour 
collection, drop off 
supplies and 
samples. 
4. 1 ½ hours for 
blood vessel 
function testing 

Months 3-8  Exercise Training 
Supervised exercise training sessions:  3 sessions a week 

for 6 months 

Month 9 Before Final Testing 
12 hour overnight fast evening before 
first visit of final testing. 

12 hours intake 
monitoring 

Month 9 Final Testing 
Repeat Baseline Testing Same as baseline 

testing 
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APPENDIX B: 
ASSOCIATIONS BETWEEN AVERAGE REAL VARIABILTY AND STANDARD 

DEVIATION 
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Table B-1. Correlation between 24-hour BPVARV and 24-hour BPVwSTD.
24-hr SBPVARV 24-hr DBPVARV 24-hr MAPVARV

24-hr SBPVwSTD 0.77‡ 0.39† 0.53‡
24-hr DBPVwSTD 0.57‡ 0.77‡ 0.67‡
24-hr MAPVwSTD 0.65‡ 0.58‡ 0.74‡
ARV, average real variability, DBPV, diastolic blood pressure variability; MAPV, mean 
arterial pressure variability, SBPV, systolic blood pressure variability; wSTD, weighted 
standard deviation. † P < 0.01, ‡ P < 0.001 for Spearman's correlation coefficient.

Table B-2. Correlation between visit-to- visit BPVARV and visit-to- visit BPVSTD.
Visit-to- Visit SBPVARV Visit-to- Visit DBPVARV

Visit-to- Visit SBPVSTD 0.91‡ 0.09
Visit-to- Visit DBPVSTD 0.04 0.92‡
ARV, average real variability, DBPV, diastolic blood pressure variability; 
SBPV, systolic blood pressure variability; STD, standard deviation. ‡ P < 
0.001 for Spearman's correlation coefficient.
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APPENDIX C: 
BPV GROUP COMPARISONS ACCORDING TO VISIT-TO-VISIT BPVSTD 
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Variable Low High P-Value
Office SBPV STD  < 6.0 mmHg Office SBPV STD  ≥ 6.0 mmHg

(n = 32) (n = 32)
Age (Years) 52.2 ± 1.1 51.7 ± 1.2 0.66
% Male 15.6 12.5 0.73
% Post-Menopause 53.8 50.0 0.79
Total Cholesterol (mg/dl) 196.5 ± 4.9 192 ± 4.6 0.58
Triglycerides (mg/dl) 90 ± 5.9 91.4 ± 8.1 0.67
HDL-C (mg/dl) 65.5 ± 3 62.4 ± 4 0.16
LDL-C (mg/dl) 112.9 ± 4.1 111.2 ± 4.7 0.91
Fasting Glucose (mg/dl) 95.3 ± 1.6 95.8 ± 1.7 0.92
CRP (mg/L) 4 ± 0.8 4.2 ± 0.7 0.55
Weight (kg) 89.5 ± 2.7 93.4 ± 3 0.36
BMI (kg/m2) 32.3 ± 1 33.5 ± 1 0.36
eGFR (ml/min per 1.73m2) 94.2 ± 3 97.2 ± 2.7 0.59
Na+ Excretion (mmol/gCr) 89.7 ± 7.1 87.8 ± 5.2 0.94
UACR (mg/g) 6.7 ± 1.8 10.3 ± 3.9 0.43
CCIMT (mm) 0.61 ± 0.02 0.65 ± 0.03 0.41
CD31+CD42− EMPs/μL plasma 3.6 ± 0.5 2.3 ± 0.3 0.03
CD62+ EMPs/μL plasma 39.3 ± 5.9 26 ± 3.1 0.07
BaselineBA Diameter - FMD (mm) 0.35 ± 0.01 0.33 ± 0.01 0.47
%FMDpeak 8.1 ± 0.8 9.2 ± 0.8 0.25
FMDAUC 23.5 ± 4.2 22.6 ± 3.4 0.88
Baseline BA Diameter - NMD (mm) 0.35 ± 0.02 0.33 ± 0.01 0.44
%NMDpeak 19.5 ± 3.3 24.5 ± 1.7 0.001
NMDAUC 54.8 ± 4.0 81.2 ± 7.0 0.002
FMD/NMD Ratio 0.46 ± 0.05 0.36 ± 0.02 0.17
Office SBP (mmHg) 122.9 ± 2.1 130.2 ± 2.5 0.04
Office DBP (mmHg) 79.3 ± 1.4 82.9 ± 1.8 0.19
Visit-to- Visit SBPVSTD (mmHg) 3.5 ± 0.3 9 ± 0.5 < 0.001
Visit-to- Visit DBPVSTD (mmHg) 3.9 ± 0.4 5 ± 0.4 0.04
Days between visits 1 and 2 9 ± 2.4 12.8 ± 3.5 0.75
Days between visits 2 and 3 15.4 ± 5.1 14.6 ± 4.9 0.61
24- hr SBP (mmHg) 126 ± 2.4 130.6 ± 2.5 0.21
24- hr DBP (mmHg) 78 ± 1.7 79.6 ± 1.9 0.45
24- hr MAP (mmHg) 94.6 ± 1.8 97.5 ± 2 0.21
24-hr HR (bpm) 75 ± 2 78.4 ± 1.5 0.14
24- hr PP (mmHg) 48.1 ± 1.5 51 ± 1.4 0.16
24-hr SBPVARV (mmHg) 8.7 ± 0.3 9.3 ± 0.4 0.41
24-hr DBPVARV (mmHg) 7.7 ± 0.3 8.2 ± 0.3 0.17
24-hr MAPVARV (mmHg) 7.7 ± 0.3 8.5 ± 0.3 0.10
24-hr HRVARV (bpm) 7.5 ± 0.4 7.6 ± 0.4 0.74

Table C-1. Clinical characteristics, BP parameters, and vascular function measures for BPV groups classified according to 
Visit-to- Visit SBPVSTD.

AUC, area under curve; BA, brachial artery; CRP, C-reactive protein; CCIMT; common carotid intima media 
thickness; DBP, diastolic blood pressure; DBPV, diastolic blood pressure variability; eGFR, estimated glomerular 
filtration rate; EMPs; endothelial microparticles; FMD, flow-mediated dilation; HDL, high density lipoprotein; HR, 
heart rate; HRV, heart rate variability; LDL, low density lipoprotein; MAP, mean arterial pressure; MAPV, mean 
arterial pressure variability; NMD, nitroglycerin-mediated dilation; PP, pulse pressure; SBP, systolic blood pressure; 
SBPV, systolic blood pressure variability; UACR, urinary albumin/creatinine ratio.
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Variable Low High P-Value
Office DBPV STD  < 4.1 mmHg Office DBPV STD  ≥ 4.1 mmHg

(n = 32) (n = 32)
Age (Years) 51.5 ± 1.1 52.4 ± 1.2 0.73
% Male 18.8 9.4 0.47
% Post-Menopause 50.0 53.6 0.99
Total Cholesterol (mg/dl) 200.6 ± 4.8 187.5 ± 4.4 0.04
Triglycerides (mg/dl) 102.2 ± 7.9 78.8 ± 5.4 0.01
HDL-C (mg/dl) 63.5 ± 3.2 64.4 ± 3.9 0.98
LDL-C (mg/dl) 116.7 ± 4 107.3 ± 4.7 0.11
Fasting Glucose (mg/dl) 96.7 ± 1.4 94.4 ± 1.8 0.30
CRP (mg/L) 3.5 ± 0.4 4.7 ± 0.9 0.99
Weight (kg) 95.4 ± 2.7 87.4 ± 2.9 0.04
BMI (kg/m2) 33.8 ± 0.9 31.9 ± 1 0.13
eGFR (ml/min per 1.73m2) 91.4 ± 3 100.2 ± 2.5 0.04
Na+ Excretion (mmol/gCr) 86.6 ± 6.2 91 ± 6.1 0.44
UACR (mg/g) 6.3 ± 1.7 11.1 ± 4.2 0.01
CCIMT (mm) 0.63 ± 0.02 0.63 ± 0.03 0.83
CD31+CD42− EMPs/μL plasma 3.3 ± 0.5 2.5 ± 0.3 0.32
CD62+ EMPs/μL plasma 36 ± 5 27.8 ± 4 0.07
BaselineBA Diameter - FMD (mm) 0.34 ± 0.01 0.34 ± 0.01 0.50
%FMDpeak 9.5 ± 0.9 7.9 ± 0.7 0.22
FMDAUC 29.5 ± 3.8 17.6 ± 3.3 0.02
Baseline BA Diameter - NMD (mm) 0.35 ± 0.01 0.33 ± 0.01 0.24
%NMDpeak 16.5 ± 1.3 26.0 ± 3.0 0.001
NMDAUC 49.9 ± 3.9 80.4 ± 5.63 < 0.001
FMD/NMD Ratio 0.55 ± 0.05 0.32 ± 0.02 < 0.001
Office SBP (mmHg) 127.1 ± 2.1 126.3 ± 2.7 0.76
Office DBP (mmHg) 81.5 ± 1.5 80.9 ± 1.8 0.79
Visit-to- Visit SBPVSTD (mmHg) 6.1 ± 0.7 6.5 ± 0.6 0.32
Visit-to- Visit DBPVSTD (mmHg) 2.5 ± 0.2 6.4 ± 0.3 < 0.001
Days between visits 1 and 2 10.1 ± 2.6 11.8 ± 3.5 0.95
Days between visits 2 and 3 10.9 ± 2.9 19.2 ± 6.5 0.65
24- hr SBP (mmHg) 129.2 ± 2.2 127.7 ± 2.7 0.60
24- hr DBP (mmHg) 78.5 ± 1.4 79.2 ± 2.1 0.74
24- hr MAP (mmHg) 96.1 ± 1.5 96.1 ± 2.3 0.93
24-hr HR (bpm) 77.2 ± 1.9 76.3 ± 1.6 0.70
24- hr PP (mmHg) 50.8 ± 1.5 48.5 ± 1.4 0.32
24-hr SBPVARV (mmHg) 8.6 ± 0.3 9.4 ± 0.4 0.05
24-hr DBPVARV (mmHg) 7.6 ± 0.3 8.3 ± 0.3 0.13
24-hr MAPVARV (mmHg) 7.7 ± 0.2 8.6 ± 0.4 0.03
24-hr HRVARV (bpm) 7.4 ± 0.5 7.7 ± 0.4 0.38

Table C-2. Clinical characteristics, BP parameters, and vascular function measures for BPV groups classified according to 
Visit-to- Visit DBPVSTD.

AUC, area under curve; BA, brachial artery; CRP, C-reactive protein; CCIMT; common carotid intima media 
thickness; DBP, diastolic blood pressure; DBPV, diastolic blood pressure variability; eGFR, estimated glomerular 
filtration rate; EMPs; endothelial microparticles; FMD, flow-mediated dilation; HDL, high density lipoprotein; HR, 
heart rate; HRV, heart rate variability; LDL, low density lipoprotein; MAP, mean arterial pressure; MAPV, mean 
arterial pressure variability; NMD, nitroglycerin-mediated dilation; PP, pulse pressure; SBP, systolic blood pressure; 
SBPV, systolic blood pressure variability; UACR, urinary albumin/creatinine ratio.
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APPENDIX D: 
FMD AND NMD TIME COURSE % CHANGE BY VISIT-TO-VISIT DBPVSTD 

GROUPS 
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Repeated Measures ANOVA: F = 5.28; p = 0.03

Figure D-1. %FMD Time-Course in Visit-to-Visit DBPVSTD Groups. Time-
course % change in brachial artery diameter after FMD administration in participants 
categorized as having low visit-to- visit DBPVSTD (solid line) or high visit-to- visit 
DBPVSTD (dotted line). * P < 0.05, † P < 0.01 between groups.
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Repeated Measures ANOVA: F = 13.545; p = 0.001

Figure D-2. %NMD Time-Course in Visit-to-Visit DBPVSTD Groups. Time-
course % change in brachial artery diameter after nitroglycerin administration in 
participants categorized as having low visit-to- visit DBPVSTD (solid line) or high visit-
to- visit DBPVSTD (dotted line). † P < 0.01 between groups.
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APPENDIX E: 
SUMMARY CORRELATION MATRIX OF PRIMARY OUTCOME VARIABLES IN 

STUDY #1 
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Table E-1. Summary correlation matrix between primary outcome variables in Study #1.
CD31+CD42- EMPs CD62+ EMPs FMDpeak FMDAUC NMDpeak NMDAUC FMD/NMD Ratio

24-hr SBPVARV -0.04 -0.13 -0.18 -0.22 0.09 0.21 -0.16
24-hr DBPVARV -0.33* -0.21 0.11 0.01 0.34* 0.30* -0.11
24-hr MAPVARV -0.23 -0.29* -0.03 -0.13 0.18 0.18 -0.13
24-hr SBPVwSTD 0.01 -0.06 -0.24 -0.28 -0.06 0.04 -0.02
24-hr DBPVwSTD -0.1 -0.15 0.08 0.01 0.22 0.24 -0.05
24-hr MAPVwSTD -0.12 -0.17 -0.2 -0.20 0.04 0.07 -0.03
Visit-to- Visit SBPVARV 0.21 -0.22 0.05 0.01 0.23 0.27 -0.02
Visit-to- Visit DBPVARV -0.09 -0.16 -0.05 -0.18 0.65‡ 0.68‡ -0.72†
Visit-to- Visit SBPVSTD -0.27 -0.20 0.06 0.02 0.42† 0.38* -0.07
Visit-to- Visit DBPVSTD -0.06 -0.14 -0.12 -0.32 0.56‡ 0.62‡ -0.75†
ARV, average real variability, AUC, area under the curve; DBPV, diastolic blood pressure variability; EMPs, 
endothelial mircoparticles; FMD, flow-mediated dilation; MAPV, mean arterial pressure variability, NMD, 
nitroglycerin-mediated dilation; SBPV, systolic blood pressure variability; STD, standard deviation; wSTD, weighted 
standard deviation. *P < 0.05, † P < 0.01, ‡ P < 0.001 for Spearman's correlation coefficient.
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