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Foreword


Hypertension has been recognized as an important cardiovascular disorder since the dawn of the twentieth century, when Riva-Rocci and then Korotkoff described the sphygmomanometric method of measuring arterial pressure. Although hypertension has been studied intensively since then, this is an extraordinary time for investigators, teachers, and clinicians in the field. It is a time when hypertension is spreading to the developing world and is reaching pandemic proportions. More inclusive definitions as well as more accurate and detailed measurements of blood pressure indicate that the prevalence of hypertension is even greater in the United States and Europe than had previously been thought. Also, the health threat of hypertension in the pathogenesis of coronary heart disease, heart failure, cerebrovascular disease, peripheral vascular disease, and renal failure probably exceeds what we appreciated in the past.


At the same time, there exists an unprecedented opportunity to deal effectively with this serious health problem. Research carried out in the past 5 years is unraveling the pathogenesis and genetics of hypertension. Simultaneously, an enormous amount has been learned about the mechanisms of action and efficacy of the numerous classes of antihypertensive agents. For the first time, rigorous comparisons among these classes have been conducted. Revised practice guidelines that synthesize much useful information for clinical practice have become available.


The goal of the series of companion books to Braunwald’s Heart Disease: A Textbook of Cardiovascular Medicine is to provide cardiologists and trainees with important additional information in critically important segments of cardiology that exceed what is contained in the “mother book,” thereby creating an extensive cardiovascular information system. Hypertension: A Companion to Braunwald’s Heart Disease, brilliantly edited by Drs. Henry R. Black and William J. Elliott and superbly written by distinguished leaders in the field, clearly accomplishes this goal. In this second edition, 40% of the chapters cover new topics or have new authors. The remaining chapters have been updated to keep abreast of the rapid changes in this important field.




Eugene Braunwald







Robert O. Bonow







Peter Libby







Douglas Mann







Douglas P. Zipes













Preface


Hypertension is one of the most important public health problems worldwide, accounting for 7.6 million premature deaths, 92 million disability-adjusted life years, 54% of stroke, and 47% of ischemic heart disease in 2001.1 Although significant improvements in blood pressure control have been made since 1980 in many countries,2 developing nations are expected to see the largest increase in the number of cases and in the burden of hypertension over the next several decades, leading to an epidemic of hypertension-related diseases (including stroke, myocardial infarction, kidney disease, and heart failure) in areas outside North America and Europe.3


In the United States, hypertension is still the most important and most ubiquitous risk factor for heart disease and stroke—the No. 1 and No. 4 killers of Americans in preliminary data from the year 2010.4 Approximately 76.4 million Americans had hypertension (defined as blood pressure of 140 mm Hg or higher systolic and 90 mm Hg or higher diastolic) in 2008, which includes those taking antihypertensive medications.5 There has been a large improvement in the percentage of Americans with “controlled hypertension” (i.e., blood pressure less than 140/90 mm Hg) from 1988 to 2008 such that, in the National Health and Nutrition Examination Survey 2007-08, the target of Healthy People 2000 and 2010 of 50% has been met.6 However, recent increases in life expectancy and the prevalence of obesity are largely responsible for a predicted 9.9% increase in hypertension in the United States (from 2010 to 2030).7 High blood pressure was listed as a primary or contributing cause of death on more than 14% of the death certificates filed in 20085 and ranked 13th among primary causes of death in preliminary data from 2010.4 In 2009, hypertension was responsible for nearly 50 million health care provider office visits, 1 million emergency department visits, 4 million outpatient department visits, and 372,000 primary hospitalizations (and 9 million more hospitalizations if secondary diagnoses are included).5


The major reason hypertension is so important, however, is not because of the deaths or health care provider visits that are directly attributed to it. Hypertension is the most widespread risk factor for many other diseases and illnesses, each of which increases the risk of morbidity and mortality. Coronary heart disease, still the most common killer of American men and women, has many risk factors, but one can make a persuasive case that, on a nationwide population-attributable basis, hypertension is currently more important than smoking, diabetes, or dyslipidemia.5 Some hypothesize that one of the major reasons for the decline in deaths from both coronary heart disease and stroke during the past 40 years is the better and more effective treatment of hypertension.8 Hypertension is the risk factor with the highest population-attributable risk for stroke in the United States.9 Heart failure, the most common discharge diagnosis from short-stay, acute-care hospitals for Medicare beneficiaries across the United States, is preceded by hypertension in about 85% of cases,10 and (even with a stable prevalence of hypertension) is expected to increase in prevalence from 2010 to 2030 by 25%.7 Chronic kidney disease, an independent risk factor for cardiovascular disease, too often results in end-stage renal disease (dialysis or kidney transplantation), which has the highest annualized per-patient cost of any program supported by the Centers for Medicare and Medicaid Services. Although diabetes has typically ranked first among single “causes” of dialysis for about 25 years, hypertension has ranked second for about the same time, and, when more than one cause was allowed to be cited, hypertension was either the primary or a secondary cause of end-stage renal disease in 72% of those who began dialysis in 2003.11 Hypertension ranks third (after diabetes and smoking) as a cause of peripheral vascular disease, the most common cause of lower limb amputations in 2009.5 Although its relationship to hypertension is often forgotten, dementia ranked sixth among the top 10 causes of death in the United States in 2010,3 and second (to Alzheimer disease) as a cause for nursing home placement.


The two major reasons for the increased prevalence of hypertension in the United States are aging and increasing weight of the population. These disproportionately affect the two ends of the age spectrum. The fastest-growing segment of the U.S. population is the “old old,” that is, those aged 85 years and older.12 The prevalence of hypertension in these individuals is thought to be more than 95%, because data from the Framingham Heart Study put the lifetime risk of hypertension (beginning at either age 55 or 65 years) at more than 90%.13 The current nationwide epidemic of obesity and physical inactivity, particularly among children and adolescents, makes it likely that hypertension will become even more prevalent as these overweight individuals grow into adulthood.14


The estimated cost of hypertension, its consequences, and treatment ($50.6 billion) in the United States in 2008 is but a small part of the total cost of cardiovascular disease ($297.7 billion).5 The National Committee for Quality Assurance estimated that in 2010, if blood pressures had been better controlled, many cardiovascular events would have been prevented or delayed, between 5217 and 61,490 deaths would have been avoided, and $1.348 to $2.502 billion would have been saved.15 Both direct costs of hospitalization ($6.2 billion) and indirect costs ($3.3 billion, consisting primarily of lost productivity, disability payments, and death benefits) would have been considerably reduced in 2008.5 The major driver of the increased cost of hypertension in the United States over the past 20 years has been the cost of antihypertensive drugs, which rose at more than seven times the inflation rate. These costs have been considerably reduced in the past decade as most of the commonly used antihypertensive drugs became available in generic formulations. The economics of hypertension and its treatment vary widely across nations, in part because some countries have national formularies that restrict access to expensive drugs. In some countries, even inexpensive generic formulations of antihypertensive drugs are beyond the means of many patients, which is one of the challenges in controlling hypertension worldwide.2,3


In this book, we have attempted to gather chapters that cover the most important topics in hypertension, written by world authorities. Rather than avoid some of the current controversies in hypertension, we have allowed the authors to present their points of view, with an attempt to ensure, through editing, a balanced and objective result.


The discerning reader will recognize that several of the “hot topics” in hypertension are mentioned, but not covered in detail, for reasons of space and because these controversies can be more effectively presented in other arenas, including the very recent medical literature. The glaring omission in this volume is a proper discussion of the Eighth Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 8), the release of which has been delayed for several years. Other areas in which guidelines disagree—for example, the necessity of assessing global risk in a patient with hypertension before embarking on treatment,16,17 the choice of an initial antihypertensive agent from a specific pharmacologic class,16,17 the role of β-blockers in the hierarchy of antihypertensive therapy,16,18 the utility of ambulatory blood pressure monitoring for the diagnosis of hypertension,16,19 and the importance (if any) of incident diabetes during treatment16,18—have all been included, although more focused reviews and salient recent references can be found in the very recent medical literature.


We have attempted to edit the submitted chapters so they are as balanced, fair, and objective as possible, while retaining some of the opinion and flavor of the authors’ points of view. We recognize, however, that errors may have crept into the text, but we hope the reader will understand that these were unintentional. Similarly, in a book of this scope and magnitude, there will, of necessity, be omissions of important references and shortened summaries of some individuals’ opinions. We regret that it was not possible for this book to be as all-encompassing as everyone would wish. The decisions to omit some aspects of hypertension-related data were those of the authors and editors, and we take full responsibility. All chapters have been revised and the references updated from the first edition. We have attempted to organize the book along classic lines. Section I deals with the epidemiology and pathophysiology of hypertension. Section II is concerned with diagnosis (including secondary hypertension) and is much longer than an analogous book would have been some 20 years ago because of the emerging data about ambulatory and home blood pressure monitoring. This section includes a new chapter on white coat and masked hypertension. Risk stratification is the major theme of Section III, whereas treatment options (both lifestyle modifications and drugs, and a new chapter on devices) are presented in Section IV. Outcome studies are discussed, both in design and in meta-analysis, in Section V. The various concomitant diseases that are often seen in patients diagnosed with hypertension are summarized in Section VI. The effects of hypertension on several special populations and special situations are discussed in Section VII. The future of hypertension treatment is considered in Section VIII (including new chapters on outcomes research and genomics), and the book concludes with a discussion of hypertension guidelines (from various points of view) in Section IX. We hope readers will find the discussion helpful and will generate many additional questions and theories that can be tested in future research in hypertension.




Henry R. Black, MD, MACP, FASH







William J. Elliott, MD, PhD








References





1. Lawes C.M.M., Van der Hoom S., Rodgers A., for the International Society of Hypertension. Global burden of blood-pressure-related disease, 2001. Lancet. 2008;371:1513–1518.


2. Danaei G., Finucane M.M., Lin J.K., et alfor the Global Burden of Metabolic Risk Factors of Chronic Diseases Collaborating Group (Blood Pressure). National, regional, and global trends in systolic blood pressure since 1980: systematic analysis of health examination surveys and epidemiological studies with 786 country-years and 5.4 million participants. Lancet. 2011;377:568–577.


3. Kearney P.M., Whelton M., Reynolds K., et al. Global burden of hypertension: analysis of worldwide data. Lancet. 2005;365:217–223.


4. Murphy S.L., Xu J., Kochanek K.D. Deaths: preliminary data for 2010. Nat Vital Stat Rep. 2012;60:1–69. Available at http://www.cdc.gov/nchs/data/nvsr/nvsr60/nvsr60_04.pdf Accessed January 12, 2012


5. Roger V.L., Go A.S., Lloyd-Jones D.M., et al. Heart disease and stroke statistics—2012 update: a report from the American Heart Association. Circulation. 2012;125:e12–e230.


6. Egan B.M., Zhao Y., Axon R.N. U.S. trends in prevalence, awareness, treatment, and control of hypertension, 1988-2008. JAMA. 2010;303:2043–2050.


7. Heidenreich P.A., Trogdon J.G., Khavjou O.A., et al. Forecasting the future of cardiovascular disease in the United States: a policy statement from the American Heart Association. Circulation. 2011;123:933–944.


8. Braunwald E. Shattuck lecture: cardiovascular medicine at the turn of the millennium—triumphs, concerns and opportunities. N Engl J Med. 1997;337:1360–1369.


9. Goldstein L.B., Adams R., Alberts M.J., et al. Primary Prevention of Ischemic Stroke: A Guideline from the American Heart Association/American Stroke Association Stroke Council. Cosponsored by the Atherosclerotic Peripheral Vascular Disease Interdisciplinary Working Group; Cardiovascular Nursing Council; Clinical Cardiology Council; Nutrition, Physical Activity, and Metabolism Council; and the Quality of Care and Outcomes Research Interdisciplinary Working Group. The American Academy of Neurology affirms the value of this guideline. Stroke. 2006;37:1583–1633.


10. Levy D., Larson M.G., Vasan R.S., et al. The progression from hypertension to congestive heart failure. JAMA. 1996;275:1557–1562.


11. United States Renal Data System 2011 Annual Report, Volume 2. Chapter 1. Available at http://www.usrds.org/2011/pdf/v2_ch01_11.pdf Accessed January 12, 2012


12. US Census Bureau The 2012 Statistical Abstract: Population—resident population by sex and age. US Department of Commerce: Economics and Statistics Administration: US Census Bureau. September, 2011. Available at http://www.census.gov/compendia/stattab/cats/population.html Accessed January 12, 2012


13. Vasan R.S., Beiser A., Seshadri S., et al. Residual lifetime risk for developing hypertension in middle-aged women and men: the Framingham Heart Study. JAMA. 2002;287:1003–1010.


14. Bell J., Rogers V.W., Dietz W.H., et al. CDC grand rounds: childhood obesity in the United States. MMWR. 2011;60:42–46.


15. National Committee for Quality Assurance The State of Health Care Quality, 2010. Washington, DC, 2010, p. 20. Available at www.ncqa.org/Portals/0/State%20of%20Health%20Care/2010/SOCH%202010%20-%20Full2.pdf Accessed January 12, 2012


16. Chobanian A.V., Bakris G.L., Black H.R., et al. Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure. National High Blood Pressure Education Program Coordinating Committee. Hypertension. 2003;42:1206–1252.


17. Mancia G., Laurent S., Agabiti-Rosei E., et al. Reappraisal of European guidelines on hypertension management: a European Society of Hypertension Task Force document. J Hypertens. 2009;27:2121–2158.


18. Williams B., Williams H., Northedge J., et alfor The Guideline Development Groups, National Collaborating Centres, and NICE Project Team United Kingdom National Health Service: National Institute for Health and Clinical Excellence. NICE clinical guideline 127: hypertension—clinical management of primary hypertension in adults. Available at http://www.nice.org.uk/CG127 Accessed August 24, 2011


19. Lovibond K., Jowett S., Barton P., et al. Cost-effectiveness of options for the diagnosis of high blood pressure in primary care: a modeling study. Lancet. 2011;378:1219–1230.
















Acknowledgments


As with all books of this magnitude and scope, thanks are required to all chapter authors and to many others as well. Drs. Braunwald, Bonow, Libby, and Zipes allowed us to put together a volume on hypertension that we hope is worthy of being in the same bookcase as Braunwald’s Heart Disease: A Textbook of Cardiovascular Medicine, for which they serve as editors. Their confidence in us to organize and compile this text was rewarding. The Elsevier staff, including Dolores Meloni, Julia Bartz, Amy Naylor, Steven Stave, Helen Mutak, and their colleagues, deserve credit for allowing us to proceed with manuscript review and preparation at a pace that was probably somewhat too slow for them.




Henry R. Black, MD, MACP, FASH







William J. Elliott, MD, PhD












Section I


Epidemiology and Pathophysiology










Chapter 1 Epidemiology of Hypertension




Donald M. Lloyd-Jones, Daniel Levy









EPIDEMIOLOGY AND RISK FACTORS,


PREVALENCE AND SECULAR TRENDS,



Global Burden of Hypertension,



RISK FACTORS FOR HYPERTENSION,



Age,




Weight,




Other Risk Factors,




Genetic Factors,



CLASSIFICATION OF BLOOD PRESSURE,


SEQUELAE AND OUTCOMES WITH HYPERTENSION,



Importance of Systolic Blood Pressure,




Risk Across the Spectrum of Blood Pressure and the Importance of Stage 1 Hypertension,




Pulse Pressure and Risks for Cardiovascular Disease,




Renal Disease,




Competing Outcomes with Hypertension,



RISK FACTOR CLUSTERING,


HYPERTENSION IN OLDER INDIVIDUALS,


CONCLUSIONS,


REFERENCES,








Systemic arterial hypertension is the condition of persistent, non-physiologic elevation of systemic blood pressure (BP). It is currently defined as a resting systolic BP (SBP) ≥140 mm Hg or diastolic BP (DBP) ≥90 mm Hg, or receiving therapy for the indication of lowering BP.1 Hypertension afflicts a substantial proportion of the adult population worldwide and a growing number of children. Numerous genetic, environmental, and behavioral factors influence the development of hypertension. In turn, hypertension has been identified as one of the major causal risk factors for cardiovascular disease (CVD); including heart disease, vascular disease and stroke, and renal disease. An understanding of the basic epidemiology of hypertension is essential for effective public health and clinical efforts to detect, treat, and control this common condition.






Epidemiology and Risk Factors


An epidemiologic association between a proposed risk factor and a disease is likely to be causal if it fulfills the following criteria: (1) exposure to the proposed risk factor precedes the onset of disease, (2) there is a strong association between exposure and incidence of disease, (3) the association is dose dependent, (4) exposure is consistently predictive of disease in a variety of populations, (5) the association is independent of other risk factors, and (6) the association is biologically and pathogenetically plausible and is supported by animal experiments and clinical investigation.2 Further, more definitive support for a causal association between a proposed risk factor and disease may arise from clinical trials in which intervention to modify or abolish the risk factor (by behavioral or therapeutic means) is associated with a decreased incidence of the disease. As discussed below, hypertension fulfills all of these criteria and represents an important target for intervention in reducing the population and individual burden of CVD and renal disease.


Several different measures are used to describe the influence of a risk factor on disease. Prevalence describes the proportion of a population or group that is affected with a trait or disease at any one time, and thus represents a cross-sectional measure of exposure. Incidence is a measure of the rate of new cases in a population or group within a defined time period. Thus the prevalence is a function of both the incidence of disease as well as the rate at which people with the disease die or are cured. In the case of hypertension, the vast majority of individuals who are diagnosed as having hypertension have it for the remainder of their lives.


The relative risk of disease is often reported in epidemiologic studies of risk factors, and it is defined as the ratio of disease incidence among exposed, compared with nonexposed, individuals. As such, relative risk measures the strength of the association between exposure and disease, but it gives no indication of the absolute risk of disease. Absolute risk of disease associated with a given exposure is often expressed as the rate of development of new cases of disease per unit of time (or incidence) in exposed individuals. This proportion may be compared with the proportion among unexposed subjects in a variety of ways. The attributable risk of a given exposure describes the proportion of the incidence of disease in a population that can be ascribed to the exposure, assuming a causal relationship exists. Attributable risk may be calculated by subtracting the incidence in unexposed individuals from the incidence in exposed individuals. However, this does not take into account other coexisting risk factors. The population attributable risk percent takes into account the proportion of individuals in the population who are exposed, as well as the relative risk, and the influence of other risk factors. Therefore attributable risk is a useful concept in determining the public health impact of a given risk factor and in selecting risk factors that should be targeted for prevention programs.3









Prevalence and Secular Trends


Data from recent U.S. National Health and Nutrition Examination Surveys (NHANES) from 2005 to 2008 indicate that the prevalence of hypertension among adults 18 years of age and older in the United States was 30.9%, or nearly 1 in 3 adults. In the context of the entire population, over 76 million U.S. adults are estimated to have hypertension.4,5 Despite significant advances in our understanding of the risk factors, pathogenesis, and sequelae of hypertension, and multiple trials over the past three decades indicating the benefits of antihypertensive therapy, hypertension remains a significant public health problem. Although steady and significant reductions occurred over the last four decades in population levels of BP and prevalence of hypertension in the United States6,7 as well as many of its sequelae,8 recent data indicate a slowing or reversal of these favorable trends. For example, between the late 1970s and the early 1990s, the prevalence of hypertension in the United States declined from about 32% to 25%. However, more recent survey data indicate an increase in prevalence between 1988 and 1994 and between 1999 and 2002. The prevalence appears to have been approximately stable during the last decade from 1999 to 2008, however, at approximately 30%.9 The current pandemic of obesity and aging of the population are likely to increase rates of hypertension substantially over the next decades.


African Americans, and especially African American women, have a prevalence of hypertension that is among the highest in the world. Currently, it is estimated that 38.6% of African American adults have hypertension, compared with 32.3% of non-Hispanic whites and 17.3% of Mexican Americans.4 Asian Americans and most other ethnic groups tend to have similar BP levels and hypertension prevalence as whites. The prevalence of hypertension increased to a similar extent in all ethnicities during the decade of the 1990s.7 Prevalence rates are similar between men and women, but they increase dramatically with age, from 7.4% to 35.6% to 69.7% among those aged 18 to 39, 40 to 64, and ≥65 years, respectively.4


There have been substantial improvements in awareness, treatment, and control of hypertension over the last several decades, but the number of hypertensive individuals who are aware of their hypertension, are receiving treatment, or are treated and controlled remain far below optimal levels (Table 1-1). Data from NHANES 2007-2008 indicate that approximately 78% of hypertensive individuals were aware of their elevated BP, 73.7% of them were receiving antihypertensive therapy, but only 48.4% had a BP of <140/90 mm Hg—the level considered to be “controlled” or at goal.9 These data reflect a recent significant increase in treatment and control rates from approximately 30% and 60% to the current levels of treatment and control. Nonetheless, extrapolating these data to the current estimate of 76 million Americans with hypertension,5 over 39 million hypertensive individuals are unaware of their diagnosis, are aware but untreated, or are treated but uncontrolled (Fig. 1-1). As noted later, data from Europe, where clinical practice guidelines have typically recommended higher BP thresholds before initiation of drug therapy, suggest even lower rates of treatment and control of BP.10,11




TABLE 1-1 Trends in Prevalence, Awareness, Treatment and Control of Hypertension in the United States, from the National Health and Nutrition Examination Surveys
 [image: image]
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FIGURE 1-1 Number and percentage of Americans who are aware of their hypertension, treated, and controlled to goal levels from the National Health and Nutrition Examination Surveys (NHANES) 2007-2008.


(Data from Roger VL, Go AS, Lloyd-Jones DM, et al. Heart Disease and Stroke Statistics—2011 Update: A report from the American Heart Association. Circulation. 2011;123:e18-e209; and Yoon S, Otschega Y, Louis T. Recent Trends in the Prevalence of High Blood Pressure and Its Treatment and Control, 1999-2008. Hyattsville, MD: National Center for Health Statistics; 2010.)





Rates of awareness, treatment, and control of BP differ by age, sex, and race/ethnicity. After years of relative stagnation, trends in awareness, treatment, and control have shown remarkable progress in the last decade among all age, sex, and race groups.9 Overall, awareness of elevated BP increased significantly from 69.6% to 80.6% between 1999 and 2008, with women and non-Hispanic African American adults being more likely to be aware, and Mexican Americans being the least likely to be aware, of their hypertension.9 Currently, women are significantly more likely than men to receive treatment with antihypertensive drug therapy and to be at goal BP (Table 1-2). Compared with non-Hispanic whites, non-Hispanic African Americans have similar overall levels of treatment, but slightly lower rates of control, whereas Mexican Americans have substantially lower levels of treatment and control to BPs <140/90 mm Hg, with only 36.9% of hypertensive Mexican Americans at goal BP.4


TABLE 1-2 Treatment and Control of Hypertension in the United States, 2005-2008, by Sex and Race/Ethnicity




 

	 

	PREVALENCE OF ANTIHYPERTENSIVE TREATMENT (%)

	CONTROL TO <140/90 MM HG (%)






	Men

	63.8

	43.8






	Women

	
75.3∗


	
47.7∗







	Non-Hispanic white

	71.2

	47.7






	Non-Hispanic African American

	71.7

	42.7†







	Mexican American

	56.1†


	36.9†








∗ P <0.01 compared with men.


† P <0.001 compared with non-Hispanic whites.


Data from Gillespie C, Kuklina EV, Briss PA, et al. Vital signs: prevalence, treatment, and control of hypertension: United States, 1999-2002 and 2005-2008. Morbidity & Mortality Weekly Report. 2011;60:103-108.






Global Burden of Hypertension


International data indicate that hypertension is even more prevalent in other countries, including developed countries. Whereas the prevalence of hypertension in adults aged 35 to 74 years in Canada in the 1990s was similar to that of the United States (at approximately 28%), concurrent data from six European countries revealed an overall prevalence of 44%. Of the European countries studied, Italy had the lowest prevalence (38%), whereas Germany had the highest (55%).12 The increase in BP and in prevalence of hypertension with age was steeper in European countries compared with the United States and Canada. The correlation between hypertension prevalence and stroke mortality rates was very strong (r = 0.78), with a stroke mortality rate of 27.6 per 100,000 in North America and 41.2 per 100,000 in European countries.12 Furthermore, treatment rates in Europe in the 1990s were substantially lower, in association with higher BP thresholds for treatment in clinical practice guidelines promulgated in Europe and Canada. Among 35- to 64-year-old hypertensives, over half (53%) were treated in the United States, compared with 36% in Canada and 25% to 32% in European countries. The associated differences in levels of BP control were dramatic, with 66%, 49%, and 23% to 38% of U.S., Canadian, and European individuals with hypertension, respectively, controlled to BP levels of <160/95 mm Hg, and 29%, 17%, and ≤10%, respectively, controlled to levels of <140/90 mm Hg.10


Whereas data from low- and middle-income countries around the world had been sparse, in recent years the scope and trends in the global burden of hypertension have become clearer. Danaei and colleagues11 described the current levels and trends in SBP for adults 25 years and older in 199 countries using data from published and unpublished health examination surveys and epidemiologic studies including 5.4 million participants. In 2008, they estimated that the age-standardized mean SBP worldwide was 128.1 mm Hg in men (95% confidence interval [CI], 126.7-129.4 mm Hg) and 124.4 mm Hg in women (123.0-125.9 mm Hg). Systolic BP is currently highest in low- and middle-income countries. In 2008, female SBP was highest in some east- and west-African countries, with means ≥135 mm Hg, whereas male SBP was highest in Baltic and east- and west-African countries, where mean SBP was ≥138 mm Hg. Men and women in western Europe had the highest SBP among high-income regions. Globally, between 1980 and 2008, Danaei and colleagues11 estimated that SBP decreased by 0.8 mm Hg per decade in men and 1.0 mm Hg per decade in women. However, there were wide variations in this pattern by sex, region, and country. Female SBP decreased by 3.5 mm Hg or more per decade in Western Europe and Australasia. Male SBP fell most in high-income North America, by 2.8 mm Hg per decade, followed by Australasia and Western Europe, where it decreased by more than 2.0 mm Hg per decade. On average, SBP rose in Oceania, East Africa, and southern and Southeast Asia for both sexes, and in West Africa for women, with the increases ranging from 0.8 to 2.7 mm Hg.11












Risk Factors for Hypertension


Hypertension is a complex phenotype with multiple genetic and environmental risk factors, as well as important gene–environment interactions. Age, with its concomitant changes in the vasculature and demographic and socio-economic variables, is among the strongest risk factors for hypertension.






Age


The prevalence of hypertension increases sharply with advancing age. Whereas only 11.1% of men and 6.8% of women ages 20 to 34 years are affected, 66.7% of men and 78.5% of women aged 75 years and over have hypertension (Fig. 1-2). Thus, in older patients, hypertension is by far the most prevalent risk factor for CVD. About 81% of hypertensive individuals in the United States are age 45 years and older, although this group comprises only 46% of the U.S. population.13 With the aging of the population, the overall prevalence of hypertension in the population is sure to increase.
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FIGURE 1-2 Prevalence of hypertension among men and women aged 18 years and over, from National Health and Nutrition Examination Surveys 2005-2008.


(Data from Roger VL, Go AS, Lloyd-Jones DM, et al. Heart disease and stroke statistics—2011 update: a report from the American Heart Association. Circulation. 2011;123:e18-e209.)





Viewed from another perspective, hypertension already affects more individuals during their lifespan than any other trait or disease studied to date. The concept of the “lifetime risk” of a given disease provides a useful measure of the absolute burden and public health impact of a disease and provides an average risk for an individual during his or her lifetime. Lifetime risk estimates account for the risk of developing disease during the remaining lifespan and the competing risk of death from other causes before developing the disease of interest. Data from the Framingham Heart Study (FHS), a long-standing study of CVD epidemiology, indicate that, for adults free of hypertension at age 55, the remaining lifetime risks for development of hypertension through age 80 are 93% for men and 91% for women. In other words, more than 9 out of 10 older adults will develop hypertension before they die. Even those who reach age 65 free of hypertension still have a remaining lifetime risk of 90%.14


In Western societies, SBP tends to rise monotonically and inexorably with advancing age. Conversely, DBP levels rise until about age 50 to 55 years, after which there is a plateau for several years and then a steady decline to the end of the usual lifespan.12,15,16 A variety of factors, particularly related to changes in arterial compliance and stiffness,17,18 contribute to the development of systolic hypertension and to decreasing DBP with age. Both of these phenomena contribute to a marked increase in pulse pressure (PP), defined as SBP minus DBP, after age 50. Thus hypertension, and particularly systolic hypertension, is a nearly universal condition of aging, and few individuals escape its development. Only in societies where salt intake is low, physical activity levels are very high, and obesity is rare are age-related increases in SBP avoided.









Weight


Increasing weight is one of the major determinants of increasing BP. The prevalence of hypertension among obese individuals, with a body mass index (BMI) ≥30 kg/m2, is 42.5%, compared with 27.8% for overweight individuals (25.0-29.9 kg/m2), and 15.3% for individuals with BMI <25 kg/m2.19 Comparing NHANES 1988-1994 to NHANES 1999-2004, Cutler and associates20 found an overall increase in the prevalence of hypertension of 13% in men and 24% in women. After adjustment for BMI, there was no statistically significant change in hypertension in men, indicating that the increase in BMI accounted for nearly all of the increase in hypertension in men. For women, after adjustment for BMI, there continued to be large relative increases in the prevalence of hypertension, indicating that some of the increases in hypertension in women were attributable to factors other than their increases in BMI.


Data from FHS also reveal marked increases in risk for development of hypertension with increasing BMI. Compared with normal-weight adult men and women, the multivariable-adjusted relative risks for development of hypertension in long-term follow-up were 1.48 and 1.70 for overweight men and women, and 2.23 and 2.63 for obese men and women, respectively.21


Numerous studies have also demonstrated the important role of weight gain in BP elevation and weight reduction in BP lowering. As discussed previously, SBP and DBP tend to rise with age beginning at around age 25 years in most adults.15,16 However, recent data indicate that these “age-related” increases in SBP and DBP may be avoided in young adults who maintain stable BMI over long-term follow-up. In the Coronary Artery Risk Development In Young Adults (CARDIA) Study, those who maintained a stable BMI at all six examinations over 15 years had no significant changes in either SBP or DBP, whereas those who had an increase in their BMI of ≥2 kg/m2 had substantial increases in BP.22


The influence of weight gain on BP, as well as the benefits of maintaining stable weight or losing weight, extend down even to young children. One large birth cohort study of children examined BMI at ages 5 and 14 and the association with SBP and DBP at age 14. Children who were overweight at age 5 but had normal BMI at age 14 had similar mean SBP and DBP to those who had a normal BMI at both time points. Conversely, children who were overweight at both ages, or who had a normal BMI at age 5 and were overweight at age 14, had higher SBP and DBP at age 14 than those who had a normal BMI at both ages, even after adjustment for potential confounders.23









Other Risk Factors


As discussed previously, gender influences the prevalence of hypertension in an age-dependent fashion. Until about the sixth decade of life, men have a higher prevalence, after which women increasingly predominate (see Fig. 1-2). Overall, more women than men are affected by hypertension, in part because of their longer life expectancy.


Race/ethnicity has also been shown to be a risk factor for hypertension. Whereas non-Hispanic white persons make up about two thirds of the U.S. adult hypertensive population, this is consistent with their representation in the overall population. African Americans are disproportionately affected and have among the highest rates of hypertension in the world, with mean SBP levels approximately 5 mm Hg higher than whites, and prevalence rates at least 10% higher than whites.5,20 Other racial/ethnic groups in the United States, including Mexican Americans, have prevalences of hypertension that are similar to those of whites.5,13,15,20 Education status also affects rates of hypertension, with lower education levels being strongly associated with hypertension. However, much of this inverse association of education with BP appears to be explained by differences in diet and in BMI between less-educated and more-educated individuals.24


Among dietary influences on BP level, high dietary sodium intake has been related consistently to rates of hypertension in numerous epidemiologic cohorts. Conversely, higher potassium, calcium, and magnesium intakes appear to be associated with lower rates of hypertension in various populations.25 Patients with omnivorous diets have higher BP levels than those who are vegetarian, but the types of dietary fat do not appear to influence BP levels directly (with the possible exception of mild lowering by omega-3 fatty acids). The evidence linking heavy alcohol intake to hypertension is unequivocal. More than 50 epidemiologic studies have demonstrated an association between intake of three or more drinks per day and hypertension, although regular alcohol intake is associated with a lower risk of atherothrombotic CVD events.









Genetic Factors


Numerous studies have examined potential genetic susceptibilities for hypertension. Data consistently indicate that BP levels are heritable. Using data from the multi-generational FHS cohorts, Levy and associates26 estimated that heritability for single-examination measures was 0.42 for SBP and 0.39 for DBP. Using data from multiple examinations, long-term SBP and DBP phenotypes had high heritability estimates, at 0.57 and 0.56, respectively.


The availability of high-throughput technology has recently allowed for genome-wide association studies to be performed in large pooled cohorts to assess for linkage between identified areas of the genome and BP levels. A large consortium of studies27 tested 2.5 million genotyped and imputed single-nucleotide polymorphisms (SNPs) across the genome for association with SBP and DBP levels in 34,433 subjects of European ancestry and followed up findings with direct genotyping in 71,225 participants of European ancestry and 12,889 of Indian Asian ancestry. The investigators also performed in silico comparison in another large consortium (N = 29,136). This group identified associations between SBP or DBP and common variants in eight genomic regions near a number of potential genes of interest: CYP17A1 (P = 7 × 10-24), CYP1A2 (P = 1 × 10-23), FGF5 (P = 1 × 10-21), SH2B3 (P = 3 × 10-18), MTHFR (P = 2 × 10-13), c10orf107 (P = 1 × 10-9), ZNF652 (P = 5 × 10-9), and PLCD3 (P = 1 × 10-8) genes. All variants associated with continuous BP were associated with the phenotype of dichotomous hypertension as well. The authors concluded that these associations between common variants and BP and hypertension could offer mechanistic insights into the regulation of BP and may point to novel targets for interventions to prevent CVD.27


Similarly, rare inherited genetic syndromes are associated with hypertension, including Liddle syndrome and 11β-hydroxylase and 17α-hydroxylase deficiencies. However, because hypertension is a complex phenotype, and BP levels are determined by the complex interactions of multiple neurologic, renal, endocrine, cardiac, and vascular processes, no single-gene polymorphisms have been discovered that explain more than a small fraction of hypertension alone or jointly in the population at large.












Classification of Blood Pressure


Formal classification of BP stages by consensus panels began to take shape in the early 1970s with the first National Conference on High Blood Pressure Education. The first report of the Joint National Committee (JNC) was published in 1977 and has been followed by six subsequent reports in 1980, 1984, 1988, 1993, 1997, and 2003. The Seventh Report (JNC 7, published in 2003)1,28 was the clinical standard for the prevention, detection, evaluation, and treatment of hypertension in the United States until recently. JNC 7 recognized several important concepts that have evolved in our understanding of hypertension over the past decades. First, systolic hypertension confers at least as much, and usually greater, risk for adverse events as diastolic hypertension, which was not fully appreciated in the first four JNC reports. Thus the JNC report recommends that for middle-aged and older hypertensives (who represent the vast majority of hypertensives in the population), SBP should be the primary target for staging of BP and initiation of therapy. Second, hypertension rarely occurs in isolation and is usually present in the context of one or more other CVD risk factors. Therefore, in recommending treatment for hypertension, the JNC 7 report recommended some consideration of global risk for CVD.


It has long been recognized that BP confers risk for CVD beginning at levels well within the clinically “normal” range, with risk increasing in a continuous, graded fashion to the highest levels, as discussed in detail later. Thus, although clinical practice guidelines impose certain thresholds for considering individuals to be hypertensive, and for initiation of therapy, this conception is an artificial construct designed to assist clinicians and patients with treatment decisions.


The JNC 7 scheme for classifying BP stages is shown in Table 1-3. From JNC-VI to JNC 7, the committee elected to change the terminology for BP levels below the hypertensive range. Whereas BP <120/80 had previously been termed “optimal,” it is now termed “normal.” A new category of “prehypertension” was defined, including individuals with SBP of 120 to 139 or DBP of 80 to 89 mm Hg. In addition, the prior classification of stage 3 hypertension was dropped because of its relatively uncommon occurrence, and all individuals with SBP ≥160 or DBP ≥100 mm Hg are now classified as having stage 2 hypertension.1


TABLE 1-3 Blood Pressure Staging System of the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure


 

	JNC 7 BLOOD PRESSURE STAGE

	BLOOD PRESSURE RANGE






	Normal

	SBP <120 and DBP <80 mm Hg






	Prehypertension

	SBP 120-139 or DBP 80-89 mm Hg






	Stage 1 hypertension

	SBP 140-159 or DBP 90-99 mm Hg






	Stage 2 hypertension

	SBP ≥160 or DBP ≥100 mm Hg







DBP, diastolic blood pressure; SBP, systolic blood pressure.


Individuals are classified into their BP stages on the basis of both SBP and DBP levels. When a disparity exists between SBP and DBP stages, patients are classified into the higher stage. Several studies29-31 have examined this phenomenon of “up-staging” based on disparate SBP and DBP levels. In one study,29 3656 FHS participants not receiving therapy for hypertension were examined between 1990 and 1995, and their JNC-VI BP stages were classified on the basis of SBP alone, DBP alone, or both. In this sample, 64.6% of subjects had congruent stages of SBP and DBP, 31.6% were up-staged on the basis of SBP, and 3.8% on the basis of DBP. Thus, among all participants, 96% were correctly classified by knowledge of their SBP alone, whereas only 68% were correctly classified by knowledge of the DBP alone. In subjects under 60 years of age, the numbers were 95% for SBP alone and 81% for DBP alone; for those over age 60, they were 99% for SBP alone and 47% for DBP alone. Of 1488 subjects with high-normal BP or hypertension, who were potentially eligible for drug therapy, 13.0% had congruent elevations of SBP and DBP, 77.7% were up-staged on the basis of SBP, and 9.3% were up-staged on the basis of DBP; the SBP alone correctly classified 91%, whereas the DBP alone correctly classified only 22%. Thus SBP elevation out of proportion to DBP is common in middle-aged and older persons, and SBP appears to play a greater role in the determination of BP stage and eligibility for therapy.29 Similar results were also observed in data from the NHANES III sample.31 Among younger individuals, up-staging resulting from DBP is somewhat more common. However, after the age of 50 years, which includes the vast majority of hypertensives, up-staging resulting from SBP clearly occurs for an overwhelming proportion of the population and determines hypertensive status and/or eligibility for therapy.31


Isolated systolic hypertension (ISH) in older people reflects progressive large artery stiffening seen with aging. In younger hypertensive patients, isolated diastolic hypertension (SBP <140 and DBP ≥90 mm Hg) and systolic-diastolic hypertension (SBP ≥140 and DBP ≥90 mm Hg) tend to predominate, whereas beyond age 50, ISH (SBP ≥140 and DBP <90 mm Hg) predominates. ISH is the most common form of hypertension over age 60, being present in more than 80% of untreated hypertensive men and women.31


These observations, coupled with data on risks of systolic hypertension and the benefits of treating systolic hypertension, prompted the National High Blood Pressure Education Program’s Advisory Panel to recommend a major paradigm shift in 2000 in urging that SBP become the major criterion for the diagnosis, staging, and therapeutic management of hypertension, particularly in middle-aged and older Americans.18 This recommendation was incorporated into the staging system and treatment guidelines for JNC 7.1,28









Sequelae and Outcomes with Hypertension


Hypertension is a major risk factor for all forms of atherosclerotic and atherothrombotic CVD. Increasing the BP level generally increases risk in a continuous and graded fashion for total mortality, CVD mortality, coronary heart disease (CHD) mortality, myocardial infarction (MI), heart failure (HF), left ventricular hypertrophy (LVH), atrial fibrillation, stroke/transient ischemic attack, peripheral vascular disease, and renal failure. For many of these endpoints, there is effect modification by gender, with male hypertensives being at higher absolute risk for CVD events than female hypertensives (HF being a notable exception). There is also substantial effect modification by age, with older hypertensives being at similar or higher relative risk, but at much greater absolute risk than younger ones.32 As discussed later, hypertension rarely occurs in isolation, and it confers increased risk for CVD across the spectrum of overall risk factor burden, but with increasing importance in the setting of other risk factors.33


As shown in Figure 1-3, absolute levels of risk for CHD increase substantially with increasing risk factor burden and are augmented still further by elevated BP. Furthermore, the slope of increasing CHD risk is greater with higher BP levels when the burden of other risk factors is greater (see Fig. 1-3). Thus BP levels, and the risk they confer, must always be considered in the context of other risk factors and the patient’s global risk for CVD. For example, because the combination of hypertension and diabetes mellitus (DM) is particularly dangerous, JNC 7 recommended lower goal BP levels for patients with DM (<130/80 mm Hg) than for those without DM (<140/90 mm Hg).1
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FIGURE 1-3 Predicted Framingham 10-year risk33 for coronary heart disease (CHD) by increasing burden of risk factors and systolic blood pressure (SBP), in a 60-year-old man (A) and woman (B). HDL-chol, high-density lipoprotein cholesterol.




Individuals with hypertension have a twofold to threefold increased relative risk for CVD events compared with age-matched normotensives. Hypertension increases relative risks for all manifestations of CVD, but its relative impact is greatest for stroke and HF (Fig. 1-4). Because CHD incidence is greater than incidence of stroke and HF, however, the absolute impact of hypertension on CHD is greater than for other manifestations of CVD, as demonstrated by the excess risks shown in Figure 1-4.
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FIGURE 1-4 Age-adjusted biennial rates, relative risks, and absolute excess risks associated with hypertension for different cardiovascular endpoints: Framingham Study, 36-year follow-up, persons aged 35-64 years. CHD, coronary heart disease; CVD, cardiovascular disease; HF, heart failure; HTN, hypertension; PAD, peripheral arterial disease.




To illustrate the importance of hypertension as a risk factor, let us consider the case of HF. Between 75% and 91% of individuals who develop HF have antecedent hypertension.8,34 In the FHS, hypertension conferred a hazard ratio for the development of HF of approximately 2 for men and 3 for women over the ensuing 18 years.34 As shown in Figure 1-5, the hazard ratios for HF associated with hypertension (2 to 3) were far lower than the hazard ratios for HF associated with MI, which were greater than 6 for both men and women. However, the population prevalence of hypertension was 60%, compared with approximately 6% for MI. Therefore the population-attributable risk (PAR) of HF—in other words, the fraction of HF in this population that resulted from hypertension—was 59% in women and 39% in men. The PARs for MI were 13% and 34% for women and men, respectively.34
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FIGURE 1-5 Hazard ratios for congestive heart failure associated with selected risk factors, prevalence of each risk factor, and population-attributable risk for each factor in congestive heart failure. AP, angina pectoris; DM, diabetes mellitus; HTN, hypertension; LVH, electrocardiographic left ventricular hypertrophy; MI, myocardial infarction; VHD, valvular heart disease.


(Data from Levy D, Larson MG, Vasan RS, et al. The progression from hypertension to congestive heart failure. JAMA. 1996;275:1557-1562.)





Investigators from the comprehensive Olmsted County cohort in Minnesota have also estimated PARs for various HF risk factors. In that study, the relative risks for HF were again high for CHD and DM, with odds ratios of 3.05 and 2.65, respectively, whereas the odds ratio associated with hypertension was 1.44. However, hypertension was prevalent in two thirds of the cohort. The PAR was highest for CHD and hypertension; each accounted for 20% of HF cases in the population overall, although CHD accounted for the greatest proportion of cases in men (PAR 23% for CHD vs. 13% for hypertension) and hypertension was of greatest importance in women (PAR 28% for hypertension vs. 6% for CHD).35






Importance of Systolic Blood Pressure


For four decades, elevated SBP has been recognized as conferring at least as great risk for CVD—and, in most groups studied, substantially greater risk—as an elevated DBP.36 However, translation of this knowledge into clinical guidelines and clinical practice has been slow. In numerous studies, increasing SBP has consistently been associated with higher risk for adverse events than increasing DBP, whether these BP variables are considered separately or together, and whether they are treated as linear covariates or in quintiles, deciles, or JNC stages. For example, in the Cardiovascular Health Study of older Americans (Table 1-4), a 1 standard deviation (SD) increment in SBP was associated with higher adjusted risk for CHD and stroke than was a 1 SD increment in DBP (or PP). In models with SBP and DBP together or SBP and PP together, SBP consistently dominated as the greater risk factor.37 When men who were screened for inclusion in the Multiple Risk Factor Intervention Trial (MRFIT) were stratified into quintiles of SBP or DBP, risks for each SBP quintile were the same or higher than for the corresponding quintile of DBP (Fig. 1-6, A).38 Similar findings were observed when MRFIT screenees were stratified into deciles of SBP and DBP; at every level, SBP was consistently associated with higher risk for CHD mortality than the corresponding decile of DBP (Fig. 1-6, B).39 Finally, when men were stratified by JNC level of SBP and DBP, SBP was associated with greater risk for CHD mortality than DBP in each JNC BP stage.39




TABLE 1-4 Risks for Cardiovascular Disease Associated with Different Components of Blood Pressure in the Cardiovascular Health Study
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FIGURE 1-6 Relative risks for coronary heart disease mortality among men screened for the Multiple Risk Factor Intervention Trial, by quintiles (A) or deciles (B) of systolic blood pressure (SBP) and diastolic blood pressure (DBP).




In fact, when DBP is considered in the context of the SBP level, an inverse association for DBP and CHD risk has been observed. Franklin and associates40 demonstrated that, at any specified level of SBP, relative risks for CHD decreased with increasing DBP. For example, at an SBP of 150 mm Hg, the estimated hazard ratio for CHD was 1.8 if the DBP was 70 mm Hg, but only approximately 1.3 if the DBP was 95 mm Hg. The higher the SBP level, the steeper the decline in CHD risk with increasing DBP. These data provide some compelling evidence for the importance of PP as a measure of risk, because PP represents the difference between SBP and DBP, and higher risk was observed in this study when the PP widened.40 PP will be discussed in greater detail below.


The increased risks associated with SBP are clear. When one also appreciates that systolic hypertension out of proportion to diastolic elevation is by far the most common form of hypertension, as discussed previously, it becomes clear that the PAR for CVD conferred by SBP vastly outweighs that for DBP. Finally, lack of control to goal BP in the community appears to be overwhelmingly because of lack of SBP control to <140 mm Hg.31,41,42 As shown in Table 1-5, among hypertensive participants attending examinations at the FHS in the 1990s, 29.0% were controlled to the overall goal of BP <140/90 mm Hg. Within this poor overall prevalence of control to goal BP, 82.9% of hypertensive individuals had DBP <90 mm Hg, whereas only 32.7% were controlled to SBP <140 mm Hg. Similar findings were observed in the NHANES III cohort.31




TABLE 1-5 Rates of Control to SBP <140 mm Hg or DBP <90 mm Hg, among 1944 Hypertensive Framingham Heart Study participants, 1990-1995.
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Cross-sectional predictors of lack of SBP control (and lack of overall control to goal) in the FHS include older age, presence of electrocardiographic LVH, and obesity.41 In national samples, significant cross-sectional predictors of lack of BP control among those aware of their hypertension include age ≥65 years, male sex, and no visits to a physician in the preceding 12 months.42 Age and the presence of LVH likely represent higher initial SBP before initiation of therapy and longer duration of hypertension, both of which can contribute to greater difficulty in achieving lower BP levels. In addition, it appears likely that clinicians are reluctant to treat older hypertensive individuals to lower BP goals, perhaps as a result of concerns over orthostasis and risk for falls, polypharmacy, or the controversial observation that an increase in CVD events and mortality may occur among the oldest hypertensives when DBP is lowered below 60 or 65 mm Hg (the J-shaped curve phenomenon).43


Because of the difficulty in collecting detailed and repetitive data, few studies have examined prospective predictors of initiating antihypertensive therapy or achieving BP control. Among 1103 hypertensive FHS participants who were untreated at a baseline examination between 1987 and 1999, 350 (31.7%) subjects were receiving therapy at a follow-up examination 4 years later, including 25.7% of subjects with stage 1 and 51.2% of those with stage ≥2 hypertension at baseline. Multivariate predictors of initiation of therapy included higher SBP and DBP, prevalent and interim CVD, and presence of LVH. The presence of other CV risk factors did not predict initiation of treatment, indicating that global risk may not, at that time, have been considered in decisions to initiate therapy.44 Among 2475 hypertensive participants who were uncontrolled (treated or untreated) at baseline, 988 (39.9%) were controlled at follow-up. Prevalent CVD and interim initiation of therapy predicted control; older age and higher baseline SBP predicted lack of control in this prospective analysis.44 Thus achievement of SBP control remains a major obstacle to achieving better rates of BP control and lowering risks for adverse events in the population.









Risk Across the Spectrum of Blood Pressure and the Importance of Stage 1 Hypertension


As noted previously, increasing BP is associated with increasing risks for CVD, beginning at levels well within the so-called “normal” range. The Prospective Studies Collaboration, a pooling study of approximately 1 million men and women in a number of large epidemiologic cohorts, and including data on more than 56,000 decedents, demonstrated that risks for CVD death increase steadily beginning at least at levels as low as an SBP of 115 mm Hg and DBP of 75 mm Hg. When considered in isolation, for each 20 mm Hg increase in SBP and each 10 mm Hg increase in DBP, there is approximately a doubling of risk for stroke death and ischemic heart disease death for both men and women.32


Similarly, the large data set of more than 347,000 men aged 35 to 57 years screened for the MRFIT provides a precise estimate of incremental CVD risk beginning at lower BPs. The data from the MRFIT screenees, shown in Figure 1-7, A, confirm a continuous, graded influence of SBP on multivariable-adjusted relative risk for CHD mortality beginning at BP levels well below 140 mm Hg.45 Men with SBP of 150 to 159 mm Hg have over three times the risk and men with SBP >180 mm Hg have nearly six times the risk of men with SBP <100 mm Hg. These data also make an important point about BP levels in the population at which the majority of CVD events occur. In Figure 1-7, B, the numbers above each bar indicate the number of men in that stratum of SBP at baseline. Taking into account the number of men in each stratum and the expected rates of CHD death, the CHD death rates observed in the MRFIT screenee cohort indicate excess CHD deaths occurring at the rates indicated by the line in Figure 1-7, C. The proportion of excess CHD deaths by SBP stratum is indicated in Figure 1-7, D. As shown, nearly two thirds of excess CHD deaths occurred in men with SBP between 130 and 159 mm Hg, relatively “mild” levels of elevated BP.
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FIGURE 1-7 Relative risks (RRs) for coronary heart disease (CHD) mortality among screenees for the Multiple Risk Factor Intervention Trial by level of systolic blood pressure (A) with number of men in each stratum of SBP (B), distribution of excess CHD deaths by SBP stratum (C), and distribution of excess CHD deaths by JNC stage (D).




Data from the FHS also indicate that the risk associated with BPs in the range of 130 to 139 mm Hg systolic or 85 to 89 mm Hg diastolic are substantial, despite the fact that these levels are not classified as “hypertension.” These levels of BP are associated with significantly elevated multivariable-adjusted relative risks for CVD of 2.5 in women and 1.6 in men.46 Likewise, individuals with SBP of 120 to 139 mm Hg or DBP of 80 to 89 mm Hg have a high likelihood of progressing to definite hypertension over the next 4 years, especially if they are age 65 or older.47









Pulse Pressure and Risks for Cardiovascular Disease


“Pulse pressure” is defined as the systolic minus the diastolic BP. In recent years there has been intense interest in PP as a risk factor for CVD. However, various investigators have struggled with how best to “anchor” the PP. For example, a patient with a BP of 120/60 has the same PP (60 mm Hg) as a patient with a BP of 150/90, although the latter patient is clearly at higher risk for adverse events. Different investigators have anchored the PP to the DBP, the mean arterial pressure, and the SBP. As discussed previously, Franklin and associates40 demonstrated that increasing PP was associated with marked increases in hazard of CHD for subjects with the same SBP. Chae and associates48 also found that PP was an independent predictor of HF in an elderly cohort, even after adjustment for mean arterial pressure, prevalent CHD, and other HF risk factors. In another study, Haider and colleagues49 observed that SBP and PP conferred similar risk for HF. However, other studies have found that SBP confers greater risk than PP, when SBP and PP are considered separately or as covariates in the same multivariable model.37 The aforementioned Prospective Studies Collaboration, which pooled data from 61 large epidemiologic studies and approximately 1 million men and women, found that the best measure of BP for prediction of CVD events was the mean of SBP and DBP, which predicted it better than SBP or DBP alone, and much better than the PP.32 The recommendation of JNC 7 was that clinical focus should remain on the SBP in determining need for therapy and achieving goal BP.1


Mosley and colleagues50 compared the predictive utility of PP and other BP measures for diverse CVD outcomes (including hospitalizations and mortality from stroke, MI, and HF) using long-term follow-up data from the Chicago Heart Association Detection Project in Industry. Baseline BP measures were assessed for predictive utility for fatal and nonfatal events over 33 years. Among 36,314 participants, who were a mean age of 39 years, 43.4% were women. In univariate analyses, hazard ratios for stroke death per 1 SD of PP, SBP, and DBP, respectively, were 1.49, 1.75, and 1.71. Likelihood ratios, Bayes’ information criteria values, and areas under receiver-operating characteristic curves all indicated better predictive utility for SBP and DBP compared with PP. Results for CHD or HF death, and stroke, MI, or HF hospitalization outcomes were similar. PP had weaker predictive utility at all ages, but particularly for those under 50 years of age. Overall then, in this large cohort study, PP had predictive utility for cardiovascular events that was inferior to SBP or DBP. These findings tend to support the approach of current guidelines in the use of SBP and DBP to assess risk and the need for treatment.50









Renal Disease


Hypertension is also a major and increasingly important risk factor for renal disease. According to the U.S. Renal Data System, there were 116,000 cases of incident end-stage renal disease (ESRD) in 2009. The rate of ESRD owing to diabetes has remained fairly stable at 154 per 1 million population since 2000, whereas the rate of ESRD as a result of hypertension has increased 8.7% since 2000, to 101 per 1 million population per year.51 However, these numbers may substantially underestimate the contribution of BP to the increasing incidence of renal disease, because these data provide only a single diagnostic cause, and hypertension is present in the vast majority of those with DM. African Americans have approximately four times the risk as whites of developing ESRD, in part because of their significantly higher prevalence of hypertension.8 In addition to its contribution to ESRD, elevated BP also occurs in and exacerbates milder forms of chronic kidney disease and worsens proteinuria.









Competing Outcomes with Hypertension


Individuals with hypertension are at risk for multiple potential outcomes simultaneously, including non-CVD death, CHD, stroke, HF, and other causes of CVD death. Traditional survival analysis methods typically only evaluate each of these outcomes independently, without understanding their joint probabilities of occurring. A recent analysis used novel methodology to explore these competing risks among all FHS subjects examined after 1977 who had new-onset hypertension and were initially free of CVD. There were 645 men and 702 women with new-onset hypertension (mean age 57 years). Compared with matched nonhypertensive controls, subjects with new-onset hypertension were significantly more likely to experience a CVD event first rather than non-CVD death. Among new-onset hypertensives, the 12-year competing cumulative incidence of any CVD endpoint as a first event in men was 24.7%, compared with 9.8% for non-CVD death (hazard ratio, 2.53; 95% CI, 1.83-3.50); in women, the competing incidences were 16.0% versus 10.1%, respectively (hazard ratio, 1.58; CI, 1.13-2.20). The most common first major CVD events among those with new-onset hypertension were CHD death or non-fatal MI (8.2%) in men and stroke (5.2%) in women. Type and incidence of first CV events varied by age, sex, and severity of hypertension at onset, with stroke predominating among older men and women at all ages with new-onset hypertension.52 These results represent a novel approach to understanding the complications of hypertension and could help target therapies for patients with new-onset hypertension to optimize prevention strategies. For example, an older individual (>60 years) with new-onset hypertension is at greatest risk for stroke as a first event; BP lowering would likely be of paramount importance to prevent this. However, a younger man with new-onset hypertension is most likely to have a major CHD event first, so aspirin and statin therapy, in addition to BP lowering, might be emphasized.












Risk Factor Clustering


As anticipated by the JNC VI panel, hypertension occurs in isolation very infrequently. Data from 4962 FHS subjects examined in the 1990s were used to assess the cross-classification of JNC VI BP stages and risk groups (Fig. 1-8) in a middle-aged and older community-based population.53 In this study, higher BP stages were associated with higher mean number of risk factors and higher rates of clinical CVD and/or target organ damage. Overall, among those with high-normal BP or hypertension, only 2.4% had no associated risk factors, whereas 59.3% had at least one associated risk factor, and 38.2% had target organ damage, clinical CVD, or DM.53
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FIGURE 1-8 Cross-classification of risk groups and blood pressure stages among 4962 Framingham Heart Study subjects.


(Data from Lloyd-Jones DM, Evans JC, Larson MG, et al. Cross-classification of JNC VI blood pressure stages and risk groups in the Framingham Heart Study. Arch Intern Med. 1999;159:2206-2212.)





The current epidemic of obesity among Western societies has led to a greater understanding of the phenomenon of risk factor clustering, and of the pathophysiologic links between hypertension, obesity, DM, and CVD risk. The cluster of risk factors including central obesity, atherogenic dyslipidemia (with low HDL-cholesterol, high triglycerides, and small, dense LDL-cholesterol particles), impaired glucose metabolism, vascular inflammation, proatherogenic milieu, and elevated BP has been termed the “metabolic syndrome (MS).” Visceral adiposity and insulin resistance appear to play central roles in the development of MS, and elevated BP is a key diagnostic feature.54 In some ethnicities, such as African Americans, elevated BP is the most common criterion leading to diagnosis of the MS. Hypertension confers increased risk for CVD in the absence of risk factors, but absolute risk increases dramatically when other risk factors are present, as shown in Figure 1-3.









Hypertension in Older Individuals


The elderly are among the fastest growing segments of the U.S. population,55 and they also have the greatest prevalence of hypertension.4,5,8,9,13 As shown in Figure 1-2, the percentage of individuals with hypertension exceeds 50% in those over age 60 and is approximately 75% in those over age 75.5 Despite multiple trials demonstrating the benefits of BP-lowering among older hypertensive individuals, available data suggest that rates of treatment and control in older individuals are suboptimal, but improving.∗ In NHANES 2005-2008, 78.7% of hypertensive adults aged 65 years and older were treated, but only 45.7% were controlled to goal BP.4 Nonetheless, this represents an improvement compared with 1999-2000, when control rates were only 27.4% in older Americans.7 Compared with hypertensives in the 40- to 59-year-old age group, this represents similar rates of treatment and control, as shown in Table 1-6. However, studies from national surveillance data are often limited to adults younger than age 75 years.1,6,15 Data are sparse regarding current patterns of treatment and control of hypertension among individuals 80 years of age and older.




TABLE 1-6 Awareness, Treatment, and Control of Hypertension by Age Group in the United States∗
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Some data from the FHS are available that specifically compare the risks associated with hypertension among the oldest age groups compared with younger individuals. Relative risks for CVD over 6 years associated with increasing BP stage did not decline with advancing age, and absolute risks increased markedly. Among participants ≥80 years of age, major CVD events occurred in 9.5% of the normal BP (referent) group, 19.8% of the prehypertensive group (hazard ratio 1.9; 95% CI, 0.9-3.9), 20.3% of the stage 1 hypertensive group (HR, 1.8; 95% CI, 0.8-3.7), and 24.7% of the stage 2 or treated hypertensive group (HR, 2.4; 95% CI, 1.2-4.6).56 Whereas the absolute risk for CHD increases steadily with increasing age, the risk for HF and atrial fibrillation increases dramatically among older compared with younger hypertensives.57,58


Hypertension occurs in the absence of other CVD risk factors only rarely in older persons, and it is often accompanied by a clustering of other risk factors.59,60 The prevalence of three or more coexisting risk factors is four times higher among hypertensive than among normotensive older individuals.61









Conclusions


Hypertension is the most prevalent major risk factor for CVD and renal disease. Risk factors for development of hypertension are well understood, and numerous dietary and personal habits, as well as societal issues, must be addressed if we are to lower population levels of BP and to control individual patients’ BPs, particularly SBP. Major public health and clinical efforts are needed to improve prevention of hypertension, especially through better control of weight. Newer research that offers better understanding of the genetic underpinnings of hypertension as well as important gene–environment interactions may help to point the way for novel means of prevention. Although the benefits of antihypertensive therapy are substantial, too few patients achieve optimal BP reduction and therefore do not realize the potential reductions in risk for CVD and renal disease. More widespread treatment and control to goal levels are needed, particularly among older hypertensives, who are at the highest risk for the consequences of hypertension.
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Primary or idiopathic hypertension accounts for the majority (>90%) of cases of human hypertension.1 Secondary causes, such as primary aldosteronism, renovascular disease, and obstructive sleep apnea, are responsible for blood pressure (BP) elevation in <10% of cases. The genesis of essential hypertension is a complex interplay of various pathophysiologic factors that include, but are not limited to, increased sympathetic nervous system (SNS) activity; heightened exposure or response to psychosocial stress; overproduction of sodium-retaining hormones and vasoconstrictors; long-term high sodium intake; inadequate dietary intake of potassium and calcium; increased or inappropriate renin secretion with resultant increased production of angiotensin II (Ang II) and aldosterone; deficiencies of vasodilators, such as prostacyclin, nitric oxide (NO), the natriuretic peptides and a variety of other vasodilator peptides, including the angiotensin (1-7) peptide, calcitonin gene-related peptide (CGRP), substance P, and adrenomedullin; alterations in expression of the kallikrein-kinin system that affect vascular tone and renal salt handling; abnormalities of resistance vessels, including selective lesions in the renal microvasculature; diabetes mellitus (DM); insulin resistance; obesity and the production of vasoactive adipocytokines; increased activity of vascular growth factors; alterations in adrenergic receptors that influence heart rate, inotropic properties of the heart, and vascular tone; and altered cellular ion transport (Table 2-1).2 These factors interact with genetic, demographic, and environmental influences, explaining the heterogeneity of the hypertensive population. In addition, increased vascular stiffness, endothelial dysfunction, inflammation, and increased oxidative stress play a role in increasing BP and cardiovascular (CV) risk and offer potential therapeutic targets with benefits that may go beyond lowering BP.


TABLE 2-1 Pathophysiologic Factors that Play a Role in the Development and Maintenance of High Blood Pressure


 

	PATHOPHYSIOLOGIC FACTOR

	MECHANISM (INCREASED OR DECREASED ACTIVITY)






	Neurohormonal Mechanisms






	Sympathetic nervous system activity

	↑






	Renin-angiotensin-aldosterone system activity

	↑






	Production of sodium-retaining hormones

	↑






	Production and expression of vasoconstrictors

	↑






	Production and expression of vasodilators

	↓






	Kallikrein-kinin system activity

	↓






	Dietary Factors






	Sodium intake

	↑






	Potassium and calcium intake

	↓






	Vascular factors






	Peripheral resistance

	↑






	Vascular stiffness

	↑






	Endothelial dysfunction

	↑






	Cellular Mechanisms






	Cellular ion transport

	↑ or ↓






	Adrenergic receptor activity

	↑ or ↓






	Others






	Inflammation

	↑






	Oxidative stress

	↑






	Psychosocial stress

	↑











Genetics


Analyses of BP patterns in families suggest that genetic factors account for 40% to 50% of BP variance, whereas shared environment accounts for 10% to 30%.2 However, single gene mutations play a minor role, accounting for <1% of cases of hypertension.2 Deoxyribonucleic acid (DNA) variants in multiple so-called candidate genes (those having relevance to disease development or progression) with subtle effects on gene expression or function, when taken cumulatively, may have major impact in raising BP.2 In most cases, hypertension results from a complex interaction of genetic, environmental, and demographic factors, and it is unlikely that a few major genes account for the pathogenesis of this heterogeneous disorder. Improved techniques of genetic analysis, especially genome-wide linkage analysis, have enabled a search for complex sets of genes that may contribute to the development of primary hypertension in the population.









Hypertension and the Metabolic Syndrome


Elevated BP (>130/85 mm Hg) is part of a cluster of CV risk factors that include dysglycemia (blood glucose level >100 mg/dL or drug treatment to lower blood sugar levels), dyslipidemia (particularly low levels of high-density lipoprotein cholesterol [<40 mg/dL] and elevated triglycerides [>150 mg/dL], or drug treatment for these conditions), and visceral obesity.3 If three of these five conditions are met, an individual is said to have the cardiometabolic syndrome (CMS).


Weight gain generally results in BP elevation, but this effect is often not sufficient to induce hypertension because many obese individuals remain normotensive. Genetic influences, such as polymorphisms of components of the renin-angiotensin-aldosterone (RAAS) system, may play a role in determining BP sensitivity to weight changes and, therefore, which obese persons will develop hypertension. Obese persons often have evidence of SNS activation, including higher levels of plasma norepinephrine, accelerated norepinephrine turnover, and increased muscle sympathetic nerve activity compared with lean normotensive controls; the increased SNS activity partly accounts for their BP elevation.4 In the presence of obstructive sleep apnea, which is common among obese individuals, repeated episodes of hypoxia and hypercapnia that occur during sleep induce SNS activation.5 The end result is often treatment-resistant hypertension.


Adipose tissue secretes a number of mediators, the adipocytokines, including Ang II, interleukin-6 (IL-6), endothelin (ET), leptin, tumor necrosis factor (TNF), resistin, apelin, and non-esterified fatty acids, all of which contribute to BP elevation.6 Leptin plays a major role in regulating energy expenditure, appetite, and intracellular lipid homeostasis as well as being a key mediator of the BP elevation seen in obese individuals. Leptin enhances SNS activity, causes endothelial dysfunction, stimulates angiotensin-converting enzyme (ACE) activity, induces vascular smooth muscle cell (VSMC) proliferation, reduces atrial natriuretic peptide (ANP) levels, and increases levels of other adipocytokines, including interleukin-6 (IL-6) and TNF.7 High levels of leptin also upregulate transforming growth factor-β (TGF-β) activity in the kidney, contributing to glomerulosclerosis and chronic kidney disease (CKD). On the other hand, leptin can also stimulate endothelial NO production, causing vasodilation and vasoprotection, but this effect is overridden during states of chronic hyperleptinemia, in which the BP elevating mechanisms predominate.8 Further studies are needed to fully clarify the role of leptin in the pathogenesis of hypertension in obesity and the CMS.


Adiponectin, in contrast to leptin, is a cardioprotective adipocytokine, and its levels are reduced in obese and hypertensive individuals, as well as during SNS activation (Fig. 2-1).9 Adiponectin levels are also reduced by increased circulating Ang II, an effect that is reversed by ACE inhibitor (ACE-I) or angiotensin receptor blocker (ARB) administration.10 Adiponectin-deficient mice have a higher systolic BP and impaired endothelium-dependent vasodilation compared with wild-type controls.11 Similarly, clinical studies have shown that hypoadiponectinemia is a risk factor for the development of hypertension, independent of the presence of insulin resistance and DM, and is associated with impaired endothelium-dependent vasodilation in diabetic patients.12





[image: image]

FIGURE 2-1 Role of adiponectin in hypertension. Adiponectin stimulates the production of nitric oxide (NO). The sympathetic nervous system (SNS) and angiotensin II (Ang II) inhibit adiponectin production, and the latter effect is blocked by Ang II receptor blockers. Conversely, SNS activity can be inhibited by adiponectin acting centrally. PPARγ, peroxisome proliferator-activated receptor gamma.


(Redrawn from Wang ZV. Scherer PE. Adiponectin, cardiovascular function, and hypertension. Hypertension. 2008;51:8-14.)





Adipose tissue expresses components of the RAAS and secretes Ang II, which raises BP. Production of non-esterified fatty acids by adipose tissue stimulates adrenal steroidogenesis, including aldosterone synthesis, independent of Ang II activation, resulting in elevated aldosterone levels in obese persons.13 Clearly, activation of the RAAS plays a role in the pathogenesis of BP elevation in obese subjects.


Products of adipose tissue—including SNS overactivity, abnormalities of the RAAS, endothelial dysfunction, increased vascular stiffness, and resetting of the renal pressure-natriuresis curve—interact with and amplify downstream pressor mechanisms that are shared by nonobese persons with primary hypertension (Fig. 2-2). These mechanisms often overlap and work in concert to raise BP in patients with the CMS.
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FIGURE 2-2 The complex interplay of obesity, endothelial dysfunction, neurohumoral mechanisms, and hypertension.


(Redrawn from Rizvi AA. Hypertension, obesity and inflammation: the complex designs of a deadly trio. Metab Syndr Relat Disor. 2010;8:287-294.)












Sympathetic Nervous System


Increased SNS activity is a major determinant of BP elevation (Fig. 2-3). It contributes to both the development and the maintenance of hypertension through stimulation of the heart, peripheral vasculature, and kidneys, causing increased cardiac output, increased vascular resistance, and fluid retention. Autonomic imbalance (increased sympathetic tone accompanied by reduced parasympathetic tone) is associated with many metabolic, hemodynamic, trophic, and rheologic abnormalities that result in vascular damage and ultimately in increased CV morbidity and mortality. Several population-based studies, such as the Coronary Artery Risk Development in Young Adults (CARDIA) study, have shown a positive correlation between heart rate and the development of hypertension (elevated diastolic BP).14 Since sustained increases in heart rate in humans are mainly due to decreased parasympathetic tone, these findings support the concept that autonomic imbalance contributes to the pathogenesis of hypertension. Diastolic BP relates more closely to vascular resistance than to cardiac function per se, suggesting that increased sympathetic tone may increase diastolic BP by causing VSMC proliferation and vascular remodeling. Norepinephrine spillover studies, which provide an index of norepinephrine release from sympathoeffector nerve terminals, demonstrate that sympathetic cardiac stimulation is greater in young hypertensive patients than in normotensive controls of similar age, supporting the interpretation that increased cardiac sympathetic stimulation may contribute to the development of hypertension.15
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FIGURE 2-3 Sympathetic nerve activity in normotensive versus hypertensive persons, showing the resting level of activity of sympathetic postganglionic neurons that innervate muscle resistance arterioles (B). Note that the intensity and frequency of muscle sympathetic nerve activity (MSNA) bursts are higher in hypertensive compared with normotensive persons. (B and C) A, The level at which MSNA was measured. BP, blood pressure; ECG, electrocardiogram.


(Redrawn from Guyenet PG. The sympathetic control of blood pressure. Nat Rev Neurosci. 2006;7:335-346.)





The mechanisms of increased SNS activity in hypertension are complex, and they involve alterations in baroreflex and chemoreflex pathways at both peripheral and central levels. Reflex and behavioral control of BP is integrated in the rostral ventrolateral nucleus of the medulla oblongata (RVLM), sometimes referred to as the vasomotor control center.16 Cell bodies of efferent CV stimulatory neurons of the SNS lie in the C1 subregion, which also receives and sends neural projections to and from many other brain centers. The most critical RVLM input comes from the adjacent nucleus tractus solitarius (NTS), which receives afferent fibers from stretch-sensitive mechanoreceptors in the carotid sinus and aortic arch (aortocarotid baroreflexes) and the cardiac atria and ventricles (cardiopulmonary baroreflexes).


Acute adjustments in BP to maintain stable perfusion pressure and blood flow to peripheral organs are accomplished via these baroreflex pathways. Stretch receptors in the walls of the aorta and carotid artery sense acute increases in BP and initiate negative afferent signals that stimulate the NTS to limit efferent sympathetic outflow.16 Conversely, reductions in BP unload the aortocarotid baroreflexes, sending positive afferent signals via the NTS to activate efferent sympathetic outflow, thus increasing BP via positive inotropic and chronotropic effects on the heart and arteriolar and venous vasoconstriction. Similarly, low-pressure stretch receptors in the heart and great veins sense acute changes in central blood volume, or cardiac preload, and trigger cardiopulmonary baroreflexes. Decreases in preload, whether caused by blood loss, salt depletion, upright posture or (experimentally) by lower body negative pressure, lead to SNS activation with resultant increases in muscle sympathetic nerve activity, renal vascular resistance, renal overflow of norepinephrine, plasma renin activity (PRA) and Ang II levels, and reductions in forearm and splanchnic blood flow.16 Conversely, extracellular fluid volume expansion, often related to dietary salt supplementation, activates the low pressure cardiopulmonary receptors, which send negative afferent signals that stimulate the NTS to reduce sympathetic outflow.


The NTS also receives signals from stimulatory chemoreceptors in the kidneys and skeletal muscle and integrates a variety of signals from stimulatory and inhibitory centers in other brain regions, including the area postrema, which does not have a blood–brain barrier. The area postrema is exquisitely sensitive to circulating Ang II, which acts to blunt the inhibitory effect of the NTS, thereby increasing RVLM-dependent SNS outflow. Sensory input from excitatory peripheral chemoreceptor afferent neurons in the kidney and skeletal muscle also enhances or sustains RVLM-dependent sympathetic outflow.


Studies in animal models of hypertension have clarified a role for these neuronal groups in BP control. For example, ablation of the NTS in normotensive rats causes increased SNS outflow and either severe BP lability or severe chronic hypertension with target organ damage (TOD), which can be abolished by simultaneous lesions of the RVLM.16 Lesions in the area postrema lower BP in rats with genetic and steroid-induced hypertension, whereas stimulation of the area postrema by Ang II sustains hypertension in these models.


Neuronal groups within the hypothalamus integrate behavioral and CV responses to environmental stress by modulating SNS function.16 The posterolateral hypothalamus mediates defense reactions such as the “fight-or-flight” response, which induces massive RVLM activation, associated with increased heart rate and BP and vasodilation in skeletal muscle. The median preoptic nucleus integrates water balance and thirst-sensing mechanisms with CV signals and may mediate organ-specific responses such as skeletal muscle vasodilation. It is likely that this complex interplay of central nervous system influences on SNS outflow, so elegantly delineated in animal models, may also play a role in BP control and in the pathogenesis of hypertension in humans. For example, Izzo16 has demonstrated that a person’s hemodynamic responses to environmental stimuli vary according to his or her cognitive appraisal of the nature of the stimulus. Stimuli perceived as challenging or manageable are characterized by SNS-mediated increases in cardiac output, whereas stimuli perceived as threatening or outside the individual’s range of control are associated with systemic vasoconstriction.


The hypothalamus also has chronic, sustained regionally specific effects on BP. As stated previously, stimulation of the posterior hypothalamus tends to elevate BP, and lesions in this region reduce BP in a variety of animal models of hypertension. In contrast, lesions of the anterior hypothalamus increase BP via adrenomedullary stimulation in normotensive animals, whereas electrical stimulation of this region causes hypotension. Ablation of the paraventricular nucleus prevents the development of hypertension in the spontaneously hypertensive rat.17


Arterial baroreceptors are reset to a higher pressure in hypertensive persons, and this peripheral resetting may return to normal when BP is normalized.2,17 Resuming normal baroreflex function helps maintain reductions in BP, a beneficial regulatory mechanism that may be clinically important. Central resetting of the aortic baroreflex also occurs in hypertensives, disinhibiting sympathetic outflow after activation of aortic baroreceptor nerves.2 This baroreflex resetting is at least partly mediated by a central action of Ang II, which also amplifies the response to sympathetic stimulation by a peripheral mechanism, presynaptic facilitatory modulation of norepinephrine release. Additional small-molecule mediators that suppress baroreceptor activity and contribute to exaggerated sympathetic drive in hypertension include reactive oxygen species and ET.2


In addition to resetting, arterial baroreflex blunting—in which the relative ability of a given increase in BP to reduce sympathetic outflow is diminished—also occurs in hypertensive subjects.16 Arterial baroreflex blunting in hypertension has been attributed to increased arterial stiffness and reduced mechanoreceptor distensibility. Blunting of cardiopulmonary baroreflexes has also been described in hypertension and in aging. Thus baroreflex blunting provides an attractive unifying explanation for age-related increases in vascular stiffness, BP, and SNS activity.


Finally, in hypertensive subjects there is evidence of exaggerated chemoreflex function, leading to markedly enhanced sympathetic activation in response to stimuli such as apnea and hypoxia.5,17 A clinical correlate of this phenomenon is the exaggerated increase in SNS activity that is sustained in the awake state and contributes to hypertension in patients with obstructive sleep apnea.


Chronic sympathetic stimulation induces vascular remodeling and left ventricular hypertrophy by direct and indirect actions of norepinephrine on its own receptors, as well as on release of various trophic factors, including TGF-β, insulin-like growth factor 1, and fibroblast growth factors. Positive correlations between circulating norepinephrine levels, left ventricular mass, and reduced radial artery compliance (an index of vascular hypertrophy) have been demonstrated in clinical studies.1 Thus sympathetic mechanisms contribute to the development of TOD as well as to the pathogenesis of hypertension.


Renal sympathetic nerve stimulation is increased in hypertensive subjects. Infusion of the α-adrenergic antagonist phentolamine into the renal artery increases renal blood flow to a greater extent in hypertensive than normotensive persons, consistent with a functional role for increased sympathetic tone in controlling renal vascular resistance.2 In animal models, direct renal nerve stimulation induces renal tubular sodium and water reabsorption and decreases urinary sodium and water excretion, thus resulting in intravascular volume expansion and increased BP. Direct assessments of renal sympathetic nerve activity have consistently demonstrated increased activation in animal models of genetically mediated and experimentally induced hypertension, and renal denervation prevents or reverses hypertension in these models. All of these lines of evidence support a role for increased sympathetic activation of the kidney in the pathogenesis of hypertension. Peripheral SNS activity is greatly increased in patients with renal failure compared with age-matched, healthy normotensive individuals with normal renal function.2 This increase is not seen in patients who have undergone bilateral nephrectomy, suggesting that sympathetic overactivity in patients with renal failure is caused by a neurogenic signal originating in the failing kidneys. The specific signaling mechanism involved has yet to be identified.


Centrally acting sympatholytic agents and α- and β-adrenergic antagonists are effective in reducing BP in patients with primary hypertension, providing indirect clinical evidence for the importance of sympathetic mechanisms in the maintenance phase of human hypertension.18 Declining use of these agents in treating hypertension relates to problems with adverse effects and the results of outcomes studies, rather than their lack of efficacy in reducing BP.


Exposure to psychosocial stress increases sympathetic outflow, and repeated stress-induced vasoconstriction may result in vascular hypertrophy, leading to progressive increases in peripheral resistance and BP.19 This progression may contribute to the increased prevalence of hypertension in lower socioeconomic groups, because they frequently endure greater levels of psychosocial stress associated with daily living. Persons with a family history of hypertension manifest augmented vasoconstrictor and sympathetic responses to laboratory stressors, such as cold pressor testing and mental stress, which may predispose them to hypertension. This is particularly true of young African Americans.20 Exaggerated stress responses may contribute to the increased prevalence of hypertension in this group.









Salt Sensitivity


Excess dietary salt produces untoward effects on the CV system and the kidneys. Studies performed more than 50 years ago demonstrated that rats fed high-salt diets had parallel increases in BP and death rates. Important trials in hypertensive patients demonstrated that reducing dietary sodium intake lowered both BP and long-term risk for CV mortality.21,22 A meta-analysis of randomized trials of the effects of dietary salt reduction on BP showed that modest reductions in dietary sodium intake, assessed by 24-hour urinary sodium excretion, reduced BP by 5/2.7 mm Hg in hypertensive individuals.23 In contrast, patients with resistant hypertension appear to be more salt sensitive. In a study of patients with resistant hypertension who were on a stable antihypertensive regimen that included a diuretic and a RAAS blocker, a low-salt diet (46 mmol/day) consumed for 1 week reduced 24-hour ambulatory BP by 20.1/9.8 mm Hg.24 Salt sensitivity, wherein BP increases in response to a sodium load, is more common in some groups (e.g., the elderly, African Americans) but cannot be predicted by routine biochemical testing.


Excess dietary salt leads to increased BP and TOD via several mechanisms (Fig. 2-4). Age-related decline in renal function restricts the ability of the kidney to excrete a sodium load, which may partly explain the phenomenon of increased salt sensitivity in the elderly.25 In women, the decline in estrogen following menopause eliminates the natriuretic effects of the hormone, as well as its role in promoting NO synthesis and inhibiting Ang II receptor expression.26 Other factors, such as polymorphisms of the ACE gene and increased levels of endogenous sodium pump inhibitors in the kidney, also play a role in the pathogenesis of salt sensitivity, resulting in an elevated BP.25,27





[image: image]

FIGURE 2-4 Mechanisms of salt-induced blood pressure elevation and target organ damage. Increased dietary salt activates shear forces and stimulates transforming growth factor-β (TGF-β) and nitric oxide (NO) production. In the setting of increased tonicity and in the presence of aldosterone, NO production is suppressed, leading to unopposed TGF-β activity. Ultimately, these changes result in increased blood pressure and target organ damage.


(Redrawn from Sanders PW. Vascular consequences of dietary salt intake. Am J Physiol Renal Physiol. 2009;297:F237-243.)





Salt sensitivity of BP is mediated by activation of central and peripheral nervous systems, and the mechanism of neurally mediated salt-sensitive hypertension has been elucidated in studies in the spontaneously hypertensive rat.2 In this model, dietary salt increases BP by reducing norepinephrine release from nerve terminals in the anterior hypothalamic area (AHA), thus reducing activation of local sympathoinhibitory neurons. This, in turn, results in increased sympathetic outflow and higher BP. Two mechanisms contribute to this effect: (1) reduced noradrenergic input into AHA via baroreflex pathways and (2) local inhibition of norepinephrine release in AHA by the inhibitory neuromodulator ANP.


Increased dietary sodium also has profound effects on vascular tone and structure. Rats fed a high-salt diet have upregulation of the profibrotic/proinflammatory cytokine TGF-β in the vasculature.28 TGF-β stimulates VSMC hypertrophy and deposition of extracellular matrix molecules, including collagen, and inhibits matrix metalloproteinase activity, thus tending to stabilize extracellular matrix in the vasculature. Administration of anti–TGF-β antibody to salt-sensitive Dahl rats produces both a decrease in BP and a reduction in vascular fibrosis.29 Further, with aging, there is a decline in activity of membrane sodium-potassium and calcium adenosine triphosphate (ATP) pumps, resulting in increased intracellular calcium, vasoconstriction, and increased vascular resistance, contributing to salt sensitivity in hypertensive patients.2


Increased salt in the diet stimulates NO production, leading to dilation of the afferent arteriole, and increasing sodium excretion in the kidney. NO also mitigates the effects of excess dietary salt on TGF-β production. These effects are mediated by NOS-3 phosphorylation by Akt in response to shear stress from the increased intravascular volume resulting from the sodium load.30 These physiologic adaptations to an increased sodium load are lost in the presence of endothelial dysfunction (with decreased NO activity or production), such as that found in aging or hypertension, resulting in unopposed TGF-β activity (see Fig. 2-4).









Vascular Tone and Remodeling


Hypertensive patients manifest greater vasoconstrictor responses to infused norepinephrine than normotensive controls.1 Increased circulating norepinephrine levels generally downregulate noradrenergic receptors in normotensive persons, but not in hypertensive patients, resulting in enhanced sensitivity to norepinephrine, increased peripheral vascular resistance, and BP elevation. Vasoconstrictor responsiveness to norepinephrine is also increased in normotensive offspring of hypertensive parents compared with controls without a family history of hypertension, suggesting that the hypersensitivity may be inherited and not simply a consequence of elevated BP.


Peripheral vascular resistance is elevated in hypertension because of alterations in structure, mechanical properties, and function of small arteries. Remodeling of these vessels contributes to the development and maintenance to high BP and its associated TOD.2 Peripheral resistance is determined by precapillary vessels, including the arterioles (arteries containing a single layer of smooth-muscle cells) and the small arteries (lumen diameters <300 µm). The elevated resistance in hypertensive patients is related to rarefaction (decrease in number of parallel-connected vessels) and increased wall to lumen ratio, resulting in narrowing of the lumen of resistance vessels. Examination of gluteal skin biopsy specimens obtained from patients with untreated essential hypertension has uniformly revealed reduced lumen areas and increased media to lumen ratios, without an increase in medial area in resistance vessels (inward, eutropic remodeling). These changes are present even in persons with prehypertension, suggesting that vascular remodeling begins early in life, antedating the development of fixed hypertension. Further investigation of this issue is warranted.


Antihypertensive treatment with several classes of agents, including ACE-Is, ARBs, and calcium channel blockers (CCBs), can normalize resistance vessel structure, whereas unfavorable vascular remodeling is progressive in persons with uncontrolled hypertension.31 In contrast, β-blocker therapy does not reverse resistance vessel remodeling, even when it effectively lowers BP.1 Whether antihypertensive drugs that normalize resistance vessel structure are more effective in preventing TOD and CV events than agents that lower BP without affecting vascular remodeling remains to be determined.


Hypertension can also be reversed rapidly by acute maneuvers (e.g., unclipping the 1-kidney, 1-clip Goldblatt model) that do not affect vascular hypertrophy or remodeling.2 Further, various observations, including the dissociation between the BP-lowering and structural effects of antihypertensive drugs and the ability of Ang II to induce vascular remodeling when infused at subpressor doses, indicate that the altered resistance vessel structure seen in hypertension is not strictly a result of the BP and is not sufficient to sustain hypertension. To what extent resistance vessel tone and structure play a direct role in BP setting and in the pathogenesis of hypertension is a subject of ongoing study and controversy.


Vascular tone is regulated by myosin light chain (MLC) phosphorylation and dephosphorylation in VSMCs.32 Abnormalities in contractile pathway proteins in VSMCs can alter vascular tone and cause hypertension in animal models. For example, VSMCs from mice with abnormalities in the large conductance Ca2+-activated K+ channel (BKCa2+), an important regulator of vascular relaxation, develop abnormal vascular contraction and hypertension. BKCa2+ is activated by cyclic guanosine monophosphate (cGMP)–dependent protein kinase (PKG) and by local Ca2+ sparks, resulting in hyperpolarization of the VSMC, decreased Ca2+ entry, and relaxation. Mouse models in which these BKCa2+-activating processes are deranged also manifest vascular contractile dysfunction and hypertension. Selective openers of endothelial intermediate conductance and small conductance calcium-activated channels (IKCa2+ and SKCa2+, respectively) improve endothelial function and lower BP in mice with Ang II–induced hypertension.33 G-protein–coupled receptors that affect VSMC contraction by mobilizing intracellular Ca2+ and activating MCL kinase also activate Rho/Rho kinase, which increases calcium sensitivity and inhibits myosin phosphatase, thereby augmenting the constrictor response and preventing dephosphorylation of MLCs.34 Further, rho kinases are the main mediators of the vasoconstrictive effects of ET and Ang II. Rho kinase is a novel therapeutic target for antihypertensive therapy, and Rho kinase inhibitors (e.g., fasudil, Y-27632) lower BP.34 Fasudil is being tested in clinical trials for hypertension, vasospasm, and cardiac remodeling.


Cross-transplantation experiments with kidneys from genetically matched wild-type mice and Agtr1a mice homozygous for a targeted disruption of the gene locus encoding the AT1A receptor have revealed that the absence of AT1A receptors in kidney and in the extrarenal organs results in equivalent ~20 mm Hg reductions in BP.35 Thus AT1A receptors in nonrenal tissues make a nonredundant contribution to BP that is similar in magnitude to that of AT1A receptors in the kidney. Animals lacking both renal and extrarenal AT1A receptors have even lower BPs, supporting independent mechanisms. Aldosterone-clamp experiments demonstrated that the BP effects of deleting extrarenal AT1A receptors could not be explained by alterations in aldosterone excretion alone. These findings support the general concept that primary abnormalities in vascular cell function can directly cause abnormal vascular tone and disorders of BP regulation, including hypertension, and challenge the concept that genetic causes of BP variation are restricted to the kidney. The search is on for nonrenal candidate genes that influence BP in humans. Genome-wide linkage studies have identified hypertension-associated loci containing such candidate genes, including the Rho kinases (ROCK1) and the BK channel β-subunit. Further study is needed to establish their pathophysiologic significance in human populations.









Renal Microvascular Disease: A Hypothetical Unifying Pathophysiologic Mechanism


The hypothesis—originally proposed by Henke, Lubarsch, and Goldblatt—that primary renal microvascular disease may be responsible for the development of hypertension, has been revived by Johnson and colleagues36 and tested in various animal models. These authors hypothesized that the development of essential hypertension occurs in two phases:




1. Factors such as hyperactivity of the SNS or the RAAS or hyperuricemia resulting from diet or genetics leads to episodes of renal vasoconstriction. During this initial phase, hypertension is renin-dependent and salt-resistant and the kidney is normal.


2. As a result of chronic vasoconstriction-induced ischemia, preglomerular arteriolosclerosis eventually develops, associated with inflammation resulting from an influx of leukocytes and local generation of reactive oxygen species and Ang II.





Local generation of Ang II at sites of renal injury has been invoked as a stimulus for structural alterations (renal microvascular disease) and adverse hemodynamic effects (increased vascular resistance, low ultrafiltration coefficient, and decreased sodium filtration), which lead to a salt-sensitive, volume-dependent, renal-dependent form of hypertension. Although this pathway ties in many of the established theories of the pathogenesis of hypertension, it has yet to be confirmed in human disease.









Uric Acid


Hyperuricemia is associated with hypertension and CV disease in humans, but whether it is an independent risk factor with a pathogenic role in CV disease or only a marker for associated CV risk factors, such as insulin resistance, obesity, diuretic use, hypertension, and renal disease, is unclear. Hyperuricemia in humans is associated with renal vasoconstriction and is positively correlated with PRA in hypertensive patients, suggesting that uric acid could have adverse effects that are mediated by an activated RAAS. Further, hyperuricemia resulting from diuretic therapy has been implicated as a risk factor for CV disease events. The Systolic Hypertension in the Elderly Program (SHEP) trial found that participants who developed hyperuricemia while receiving chlorthalidone sustained CV disease events at a rate similar to those treated with placebo.37 The Losartan Intervention for Endpoint Reduction in Hypertension (LIFE) trial showed that baseline serum uric acid level was associated with increased risk for CV disease events in women, even after adjustment for concomitant risk factors, including use of thiazide diuretics, which was similar in both randomized arms.38 Treatment with the uricosuric ARB, losartan, attenuated the time-related increase in serum uric acid in the LIFE trial, and 27% of the treatment effect on the composite CV disease endpoint was attributed to this effect. In general, serum uric acid levels correlate with decreased glomerular filtration rate (GFR) and should be adjusted for these measures, as was done in the LIFE study.


Uric acid in a rodent model stimulates the development of renal afferent arteriolopathy and tubulointerstitial disease, leading to hypertension.39 In this model, mild hyperuricemia induced by the uricase inhibitor, oxonic acid, resulted in hypertension associated with increased expression of renin by the juxtaglomerular apparatus and decreased expression of NO synthase in the macula densa neurons. The renal lesions and hypertension could be prevented or reversed by lowering uric acid levels and by treatment with an ACE-I, the ARB, losartan, or arginine, but hydrochlorothiazide did not prevent the arteriolopathy, despite controlling BP. The observations that uric acid can stimulate VSMC proliferation, oxidative stress, and expression of the RAAS, and that these effects can be partially blocked by captopril or losartan, provide a mechanism to account for these findings.40 Whether uric acid has similar nephrotoxic and hypertension-promoting effects in humans is controversial and deserves further investigation.


Uric acid protects against NO depletion in the presence of oxidants and is considered by some to be an antioxidant. Others have shown that uric acid behaves as an antioxidant outside the cell, but has prooxidant effects intracellularly, mediated through stimulation of NADPH oxidase.41 Treatment with the xanthine oxidase inhibitor allopurinol lowers BP as well as serum uric acid levels in hypertensive patients with asymptomatic hyperuricemia.42 It should be noted that allopurinol inhibits the formation of free radicals that are generated in the conversion of hypoxanthine and xanthine to uric acid, and its BP-lowering effects have been attributed by some to this antioxidant effect, rather than to the reduction in uric acid levels per se. These provocative findings suggest a need for further studies of the role of uric acid in the pathogenesis of hypertension and CV disease in humans and its potential as a therapeutic target.









Arterial Stiffness


Systolic BP and pulse pressure (PP) increase with age, mainly because of reduced elasticity (increased stiffness) of the large conduit arteries. Arteriosclerosis in these arteries results from collagen deposition and smooth muscle cell hypertrophy, as well as thinning, fragmenting, and fracture of elastin fibers in the media (Fig. 2-5).25 In addition to these structural abnormalities, endothelial dysfunction, which develops over time from both aging and hypertension, contributes functionally to increased arterial rigidity in elderly persons with isolated systolic hypertension.25
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FIGURE 2-5 Neurohumoral, mechanical, and genetic factors regulate extracellular matrix protein expression and result in increased arterial stiffness, peripheral resistance, and blood pressure. MMPs, matrix metalloproteinases,


(Redrawn from Briones AM, Arribas SM, Salaices M. Role of extracellular matrix in vascular remodeling of hypertension. Curr Opin Nephrol Hypertens. 2010;19:187-194.)





Reduced NO synthesis or release, perhaps related to the loss of endothelial function and reduction in endothelial NO synthase (eNOS), contributes to increased wall thickness of conduit vessels.43 The functional importance of NO deficiency in isolated systolic hypertension is supported by the ability of NO donors, such as nitrates, to increase arterial compliance and distensibility and reduce systolic BP without decreasing diastolic BP. Other factors that decrease central arterial compliance, including estrogen deficiency, high salt intake, tobacco use, elevated homocysteine levels, and diabetes, may operate by damaging the endothelium.


The distending pressure of conduit vessels is a major determinant of stiffness. The two-phase (elastin and collagen) content of load-bearing elements in the media is responsible for the behavior of these vessels under stress. At low pressures, stress is borne almost entirely by the distensible elastin lamellae; at higher pressures, less distensible collagenous fibers are recruited and the vessel appears stiffer. Conduit vessels are relatively unaffected by neurohumoral vasodilator mechanisms; vasodilation is caused by increased distending pressure and associated with increased stiffness. Conversely, conduit vessels do respond to vasoconstrictor stimuli, including electrical nerve stimulation and norepinephrine infusion.


Increased arterial stiffness contributes to the wide PP commonly seen in elderly hypertensive patients by causing the pulse wave velocity to increase.25 With each heart beat, a pressure (pulse) wave is generated that travels from the heart to the periphery at a finite speed that depends on the elastic properties of the conduit arteries. The pulse wave is reflected at any point of discontinuity in the arterial tree and returns to the aorta and left ventricle. The timing of the wave reflection depends on the elastic properties and length of the conduit arteries.


In younger persons (Fig. 2-6), pulse wave velocity is relatively slow (approximately 5 m/sec) and the reflected wave reaches the aortic valve after closure, leading to a higher diastolic BP and enhancing coronary perfusion. In older persons, particularly if hypertensive, pulse wave velocity is greatly increased (approximately 20 m/sec) because of central arterial stiffening, causing the reflective wave to reach the aortic valve before closure and leading to a higher systolic BP, PP, and afterload and a decreased diastolic BP; this has the potential to compromise coronary perfusion pressure. Acceleration in pulse wave velocity contributes to the increase in systolic BP and PP and decrease in diastolic BP seen in the elderly (see Fig. 2-6). This phenomenon is exaggerated in hypertensive persons. The rise in systolic BP increases cardiac metabolic requirements and predisposes to left ventricular hypertrophy and heart failure (HF). PP is closely related to systolic BP and is linked to advanced atherosclerotic disease and CV disease events, such as myocardial infarction (MI) and stroke. Above the age of 50 years, PP is generally thought to be a better predictor of CV disease risk than either systolic BP or diastolic BP.44
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FIGURE 2-6 Nature of the reflected waves and pulse wave velocity. Pressure waves from the heart travel forward along the arterial tree and are reflected back to the heart from points of branching, areas of increased arterial stiffness, and high-resistance arterioles in the periphery. In elderly persons with stiff arteries, the reflected waves reach the heart earlier, causing an augmented systolic blood pressure and pulse pressure.


(Redrawn from Acelajado MC, Oparil S. Hypertension in the elderly. Clin Geriatr Med. 2009;25:391-412.)





Most antihypertensive drugs act on peripheral muscular arteries rather than central conduit vessels and reduce PP through indirect effects on the amplitude and timing of reflected pulse waves. Nitroglycerine causes marked reductions in wave reflection, central systolic BP, and left ventricular load without altering systolic or diastolic BP in the periphery. Vasodilator drugs that decrease the stiffness of peripheral arteries, including ACE-Is and CCBs, also reduce pulse wave reflection and thus augmentation of the central aortic and left ventricular systolic pressure, independent of a corresponding reduction in systolic BP in the periphery. Antihypertensive drugs from several classes have been shown to reduce systolic BP and CV disease morbidity and mortality in patients with isolated systolic hypertension.









Renin-Angiotensin-Aldosterone System


The RAAS is the most carefully studied mechanism of BP and volume regulation, and development of pharmacologic antagonists to its various components has proved useful in the treatment of hypertension and related TOD (Fig. 2-7).2 Renin is an aspartyl protease that is synthesized as an inactive precursor—prorenin—primarily in the juxtaglomerular cells surrounding the afferent arteriole of the glomerulus. Renin is activated by proteolytic cleavage of an N-terminal peptide while still in the kidney. Both prorenin and activated renin are stored in granules in the juxtaglomerular apparatus and are released in a regulated fashion in response to a variety of stimuli, including decreases in BP or renal interstitial pressure via intrinsic juxtaglomerular baroreceptors, SNS activation of the renal nerves, and/or macula densa stimulation by decreased distal tubular sodium delivery. Importantly, the primary mechanism by which the RAAS contributes to acute changes in BP and volume homeostasis is by regulating renin release into the circulation. Circulating renin levels, indexed by PRA, have been reported to be an independent (of BP) risk factor for MI. Although this finding has not been consistent, it does suggest the intriguing possibility that renin may have actions other than BP regulation. The finding of a specific receptor for the renin (and prorenin) molecule(s) is consistent with the interpretation that renin per se may have biologic importance above and beyond that of its catalytic products.45
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FIGURE 2-7 The renin-angiotensin-aldosterone system (RAAS). Renin, the key determinant of RAAS activity, cleaves angiotensinogen to angiotensin I, which is then converted by angiotensin-converting enzyme to angiotensin II (Ang II). Ang II is the primary mediator of the effects of the RAAS on blood pressure and target organ damage. Ang II upregulates CYP11B2 gene expression, increasing production of aldosterone synthase (ALDOS), the enzyme that catalyzes aldosterone formation. ACTH, adrenocorticotropic hormone; ADH, antidiuretic hormone; AT1, angiotensin II receptor type 1; GH, growth hormone; TSH, thyroid-stimulating hormone.


(Redrawn from Tomaschitz A, Pilz S, Ritz E, et al. Aldosterone and arterial hypertension. Nat Rev Endocrinol. 2010;6:83-93.)





Renin cleaves angiotensinogen to produce the biologically inactive decapeptide, angiotensin I (Ang I). Ang I is converted by a variety of enzymes, including ACE and the serine proteases, chymase and cathepsin G to the octapeptide Ang II, which is responsible for most of the known biologic activity of the system.2 In addition, nonrenin enzymes, including tonin and cathepsin, can generate Ang II directly from angiotensinogen. ACE2, a zinc metalloprotease that shares 42% homology with the catalytic site of ACE, is expressed in endothelial cells of heart, kidney, and testis and functions as a carboxypeptidase to convert Ang II to Ang (1-7) and Ang I to Ang (1-9).2 ACE2 is insensitive to ACE-Is.


Ang I and II are susceptible to digestion at a number of sites by angiotensinases, peptidases that remove amino acids sequentially from the amino terminus (aminopeptidases) or the carboxyl terminus (carboxypeptidases), or cleave peptide bonds in the interior of the molecule (endopeptidases). The resultant peptide fragments are found in the circulation and have functions that may be distinct from those of Ang II. For example, Ang III (the 2-8 peptide) has functions identical to those of Ang II, whereas Ang IV (the 3-8 peptide) may bind selectively to a novel receptor (AT4) and stimulate release of plasminogen activator inhibitor-I (PAI-I), a potent antithrombolytic agent. The Ang (1-7) peptide binds to the Mas AT1-7 receptor to stimulate vasodilation, increases in GFR, inhibition of Na+/K+-ATPase, and downregulation of AT1 receptors.46 Ang (1-7) can be generated from Ang I, Ang (1-9), and Ang II primarily in the kidney by the carboxypeptidase ACE2 and by a variety of endopeptidases, including neprilysin, prolyl endopeptidase, and thimet oligopeptidase. ACE2 and Ang (1-7) levels have been shown in preclinical studies to increase during inhibition of the classical RAAS with an ACE-I or ARB, suggesting that activation of ACE2 and generation of the downstream Ang (1-7) peptide may oppose the effects of activating the classical RAAS. The biologic significance of these novel peptides in humans has yet to be fully elucidated.


Ang II acts on two major receptors. The AT1 receptor, when activated, causes vasoconstriction, aldosterone release, central sympathetic activation, renal salt and water retention, and other functions that tend to elevate BP and cause hypertrophy or hyperplasia of target cells. The AT2 receptor, in contrast, mediates NO release, vasodilation, cell differentiation and apoptosis, and inhibition of cell growth.47 The novel receptors that bind to the other Ang peptides have not yet been cloned and are not fully accepted by all investigators.


Ang II elevates BP by a variety of mechanisms, including constriction of resistance vessels, stimulation of aldosterone synthesis and release, and renal tubular sodium reabsorption (directly and indirectly via aldosterone), stimulation of thirst and release of antidiuretic hormone, and enhancement of sympathetic outflow from the brain.2 Ang II also induces cardiac and vascular cell hypertrophy and hyperplasia directly via activation of the AT1 receptor and indirectly by stimulating release of a number of growth factors and cytokines.


Activation of the AT1 receptor stimulates a variety of tyrosine kinases, which in turn phosphorylate the tyrosine residues in a number of proteins, leading to vasoconstriction, cell growth, and proliferation. Activation of the AT2 receptor subtype stimulates a phosphatase that inactivates mitogen-activated protein kinase (MAPK), a key enzyme involved in transducing signals from the AT1 receptor. Thus activation of the AT2 receptor opposes the biologic effects of AT1 receptor activation, leading to vasodilation, growth inhibition, and cell differentiation.2 The physiologic role of the AT2 receptor in adult humans is unclear, but it is thought to function under stress conditions (e.g., vascular injury, ischemia, or reperfusion). When an ARB (AT1 selective blocker) is administered, renin is released from the kidney as a result of removal of feedback inhibition by Ang II. This leads to increased generation of Ang II, which is shunted to the AT2 receptor, favoring vasodilation and attenuation of unfavorable vascular remodeling. Expression of the AT2 receptor is linked to growth status and fetal development. During embryogenesis and fetal development, the AT2 receptor is expressed in large quantities, and expression is decreased in the postnatal period. There is evidence from animal models that AT2 receptor expression is upregulated in pathologic conditions such as vascular injury, sodium depletion, post-MI, and HF, but downregulated in DM. Regulation of the AT2 receptor gene in adult humans is not well elucidated, however.


Local production of Ang II in a variety of tissues, including the blood vessels, heart, adrenals, and brain, is under the control of ACE and a number of other enzymes, including the serine proteinases chymase and cathepsin G.2 Local RAAS activity and alternative pathways of Ang II formation may make an important contribution to remodeling of resistance vessels and the development of TOD (including left ventricular hypertrophy, HF, atherosclerosis, stroke, end-stage renal disease, MI, and arterial aneurysm) in hypertensive persons. Further, activation of the renin receptor by prorenin or renin stimulates profibrotic signals independent of Ang II, suggesting a novel pathophysiologic mechanism that is independent of the catalytic properties of renin.48 Further study is needed to assess the role of the renin receptor in the pathogenesis of human disease.









Angiotensin II and Oxidative Stress


Ang II increases CV risk in part by stimulating oxidant production. Hypertension associated with chronic infusion of Ang II is linked to upregulation of vascular p22phox messenger ribonucleic acid (mRNA), a component of the oxidative enzyme nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Fig. 2-8).49 Ang II receptor–dependent activation of NADPH oxidase is associated with enhanced formation of the oxidant superoxide anion (O2−), which readily reacts with NO to form the oxidant peroxynitrite (ONOO−). The consequent reduction in NO bioactivity may provide an additional mechanism to explain the enhanced vasoconstrictor response to Ang II in hypertension. NADPH oxidase may also play an important role in the hypertrophic response to Ang II, because stable transfection of VSMCs with antisense to p22phox inhibits Ang II–stimulated protein synthesis. Other vasculotoxic responses to Ang II that are triggered by activation of NADPH oxidase include the oxidation of low-density lipoprotein cholesterol and increased mRNA expression for monocyte chemoattractant protein-1 (MCP-1) and vascular cell adhesion molecule-1 (VCAM-1), thus linking activation of the RAAS to the development of the atherosclerosis.2
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FIGURE 2-8 Formation of vascular nicotinamide adenine dinucleotide phosphate (NADPH) oxidase dependent reactive oxygen species, which is enhanced by angiotensin II, leads to the formation of peroxynitrite (ONOO–). This depletes nitric oxide (NO) stores in the endothelium and vascular smooth muscle cells (VSMC), consequently leading to vascular dysfunction. EC, endothelial cells; Gpx-1, glutathione peroxidase 1; MC, mitochondria; MitoQ10, mitochondrial-targeted antioxidant; MR, mineralocorticoid receptors; NOS, nitric oxide synthase; SOD, superoxide dismutase; Trx, thioredoxin 2.


(Redrawn from Datla SR, Griendling KK. Reactive oxygen species, NADPH oxidases, and hypertension. Hypertension. 2010;56:325-330.)





ACE-Is and ARBs limit oxidative reactions in the vasculature by blocking the activation of NADPH oxidase.2 These findings have led to the hypothesis that ACE-Is and ARBs may have clinically important vasoprotective effects beyond BP lowering. A number of important randomized clinical trials, discussed later in this volume (in Chapters 20 and 21), support that hypothesis.









Aldosterone


Aldosterone is a steroid hormone synthesized primarily, if not exclusively, in the zona glomerulosa of the adrenal cortex under the influence of potassium, Ang II, and adrenocorticotropic hormone; it acts as a physiologic regulator of salt and water balance (Fig. 2-9). In the kidney, aldosterone activates mineralocorticoid receptors (MRs) to modulate gene transcription and promote sodium reabsorption and potassium excretion (the so-called genomic effects). Because MRs act as transcription factors, binding to response elements in the promoter regions of downstream target genes as well as to co-regulators, and thus modulating gene transcription, these genomic effects usually take several hours to become manifest. Aldosterone has important physiologic and pathophysiologic nongenomic effects on the heart, blood vessels, kidney, liver, and pancreatic β cells. These nongenomic effects are mediated by stimulation of high-affinity MRs in the cell membrane that activate intracellular second messenger molecules such as Ca2+ and cyclic adenosine monophosphate, or phosphorylate signaling molecules such as protein kinase C, epidermal growth factor receptor, and members of the MAPK family.50 These nongenomic effects are immediate and include regulation of redox status, intracellular cations, cell volume, cell signaling, and endothelium-mediated vasodilation.
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FIGURE 2-9 Mechanisms of aldosterone mediated arterial hypertension. HPA, hypothalamic-pituitary axis; RAAS, renin-angiotensin-aldosterone system SNS, sympathetic nervous system.


(Redrawn from Tomaschitz A, Pilz S, Ritz E, et al. Aldosterone and arterial hypertension. Nat Rev Endocrinol. 2010;6:83-93.)





MRs can bind both mineralocorticoids and 11β-hydroxyglucocorticoids. The enzyme 11β-OH–steroid dehydrogenase II, which inactivates glucocorticoids, is found in high concentrations in the kidney, where it prevents glucocorticoids from stimulating the MR in the distal nephron. In contrast, levels of 11β-OH–steroid dehydrogenase II are lower in the heart, skeletal muscle, liver, and fat, allowing stimulation of the MR by circulating glucocorticoids. This is particularly important in the setting of obesity and the CMS, where levels of circulating glucocorticoids are elevated. Activation of MR by glucocorticoids leads to intravascular, perivascular, and interstitial fibrosis in the heart; endothelial dysfunction; inflammation; and increased oxidative stress, all of which contribute to the development of hypertension and TOD.51


The nonselective aldosterone antagonist spironolactone, as well as the selective aldosterone blocker (SAB) eplerenone, can prevent and/or reverse vascular and cardiac inflammation and subsequent collagen deposition in experimental animals. Spironolactone treatment of HF patients reduces circulating levels of procollagen type III N-terminal aminopeptide, indicating an antifibrotic effect. Eplerenone treatment decreases levels of phosphorylated (active) Rho kinase, as well as markers of oxidative stress in rat models; this is also found with fasudil administration, implying that cardiac fibrosis may be mediated through the rho kinase pathway.52 Spironolactone and the better-tolerated SAB, eplerenone, are being used in the treatment of hypertension, HF, and acute MI complicated by LV or HF because of their unique tissue protective effects.


Aldosterone excess and associated MR activation may be a far more common cause and/or contributing factor to hypertension than previously thought. Historically, hypokalemia was thought to be a prerequisite of primary hyperaldosteronism, but it is now recognized that many patients with primary hyperaldosteronism do not have low serum potassium levels. Accordingly, screening of hypertensive patients for hyperaldosteronism has expanded, and a higher prevalence of the disorder has been revealed. Prevalence rates between 8% and 32% have been reported, based on the patient population being screened (higher in referral practices, where the patient mix tends to be enriched with resistant hypertension and lower in family practices or community databases). In our own referral practice, which includes a high proportion of patients with resistant hypertension, the prevalence of aldosterone excess is 24%, and BP in these patients is strikingly responsive to spironolactone.53


There is mounting evidence that aldosterone excess contributes to resistant hypertension by its effects on sodium and water balance, inflammation, and oxidative stress. Individuals with resistant hypertension have higher plasma aldosterone levels and aldosterone:renin ratios than the general population of hypertensive patients.54 Further, in patients with resistant hypertension, 24-hour urinary cortisol levels correlate positively with 24-hour urinary aldosterone excretion, suggesting the possibility of a common stimulus, such as corticotropin, that might explain the increased aldosterone levels. In VSMCs and skeletal muscle, aldosterone stimulates NADPH oxidase, which generates excess ROS and triggers a cascade of events that lead to decreased NO bioavailability, endothelial dysfunction, and insulin resistance.55 The latter conditions are characteristic of patients with resistant hypertension. Compared with patients with resistant hypertension and normal aldosterone levels, those patients with resistant hypertension and high aldosterone levels have elevated circulating atrial and brain natriuretic peptide (ANP and BNP) levels and right ventricular end-diastolic volume indices, despite being on a diuretic.54-56 These findings suggest that these patients are volume expanded. Spironolactone treatment reduces right and left ventricular end-diastolic volumes and BNP levels in these patients, an effect that was not seen in the control group with resistant hypertension but normal aldosterone levels.56 The role of aldosterone in mediating resistant hypertension and TOD is currently an area of active investigation.









Endothelial Dysfunction


NO is a potent vasodilator, inhibitor of platelet adhesion and aggregation, and suppressor of migration and proliferation of VSMCs. It is released by normal endothelial cells in response to a variety of stimuli, including changes in BP, shear stress, and pulsatile stretch, and plays an important role in BP regulation, thrombosis, and atherosclerosis. The CV system in normal persons is exposed to continuous NO-dependent vasodilator tone, but this NO-related vascular relaxation is diminished in hypertensive persons. The defect in NO-mediated vasorelaxation in hypertensive patients is related to diminished bioavailability of NO resulting from increased NO breakdown as well as the uncoupling of eNOS that leads to increased production of superoxide anions (O2−), rather than a decrease in the net synthesis of NO.57 In vivo delivery of superoxide dismutase (an enzyme that reduces O2− to H2O2) reduces BP and restores NO bioactivity, providing evidence that oxidant stress contributes to the inactivation of NO and the development of endothelial dysfunction in hypertensive models.


Ang II enhances formation of the oxidant O2− at concentrations that have a minimal effect on BP. These findings suggest that increased oxidant stress and the development of endothelial dysfunction may predispose to the development of hypertension. Further, antihypertensive drugs that interrupt the RAAS, including ACE-Is, ARBs, direct renin inhibitors, and MR antagonists, are effective in reversing endothelial dysfunction in peripheral arteries as well as in the kidney, where they reduce microalbuminuria/proteinuria; this effect has been related to prevention of CV disease events. RAAS blockers, nebivolol, and dihydropyridine CCBs also stimulate the release of NO from the endothelium via direct or indirect mechanisms. The extent to which favorable effects on the endothelium account for the cardioprotective effects of these antihypertensive agents remains to be determined.


L-Arginine is a substrate for vascular arginase, and a deficiency of L-arginine resulting from enhanced arginase activity has been implicated in the pathogenesis of hypertension.58 By competing with eNOS for the availability of L-arginine, increased activity of vascular arginase depletes L-arginine levels and attenuates vasodilation in hypertensive patients. Arginase inhibitors lower BP, improve carotid arterial compliance, and reduce cardiac fibrosis in SHR.59 Clearly, arginase plays a role in BP regulation in animal models, but the mechanisms for this effect and the role of arginase in human hypertension remain to be fully elucidated.


The endothelium-derived hyperpolarizing factors (EDHFs) clearly play a role in vascular dilation by hyperpolarizing VSMCs. The EDHFs, which include arachidonic acid metabolites (eicosanoids, prostacyclin), potassium ions, hydrogen peroxide, and C-natriuretic peptide, provide an additional mechanism by which the vasculature can compensate for reduced NO bioavailability. In particular, eicosanoids produced from arachidonic acid via the lipoxygenase pathway act by activating potassium channels, leading to hyperpolarization, and closing calcium channels and resulting in vasorelaxation.60


Just as EDHFs modulate vasomotor activity by inducing vasodilation, endothelium-derived contracting factors (EDCFs)—including ET, locally produced Ang II, and cyclooxygenase (COX)–dependent EDCFs, mainly thromboxane A2 and prostaglandin A2—also play a role in the control of vasomotor tone. The COX-derived EDCFs, acting via G-protein–coupled thromboxane prostanoid receptors, induce contraction of VSMCs by enhancing sensitivity to endogenous vasoconstrictors and decreasing responses to vasodilators.61 These effects are mediated primarily by the COX-1 isoform, found abundantly in endothelial cells. The EDCFs are particularly important in aging, vasospasm, and diabetes.


Endothelial dysfunction results from a complex interplay between NO bioavailability, EDHFs, and EDCFs. In the physiologic state, the effects of NO and EDHFs predominate, whereas hypertension and aging impair the release of EDHFs and negatively affect NO bioavailability, allowing exaggerated responses to EDCFs. Ultimately this process leads to the development of TOD and morbidity and mortality resulting from CV disease.






Endothelin


ET is a potent vasoactive peptide produced by endothelial cells that has both vasoconstrictor and vasodilator properties. ET is secreted in an abluminal direction by endothelial cells and acts in a paracrine fashion on underlying VSMCs to cause vasoconstriction and elevate BP without necessarily reaching increased levels in the systemic circulation. ET also stimulates VSMC proliferation, resulting in vascular remodeling, thus tending to stabilize the hypertensive state. These effects are mediated primarily via the ET-A receptor, located on VSMCs.62 Activation of the ET-B receptor, expressed principally on endothelial cells, inhibits vasoconstriction and VSMC proliferation. In the presence of endothelial dysfunction in hypertensive patients, the ET-A receptor effects predominate; coupled with the reduced inhibitory effect of NO on ET production, they result in vasoconstriction and increased BP. ET-A receptor antagonists reduce BP and peripheral vascular resistance in both normotensive and hypertensive persons, supporting the interpretation that ET plays a role in the pathogenesis of hypertension. Development of ET receptor antagonists for treatment of systemic hypertension has been discontinued because of toxicity (teratogenicity, testicular atrophy, and/or hepatotoxicity) and lack of efficacy. However, ET antagonists are indicated for the treatment of pulmonary hypertension.












Vasodilators






The Natriuretic Peptides


The most carefully studied of the endogenous antihypertensive mediators are the natriuretic peptides. The seminal observation of deBold and associates that atrial extracts have potent natriuretic and BP-lowering effects led to the discovery of a complex system of natriuretic peptides that play important roles in the integrative control of CV and renal function and in the pathogenesis of hypertension and related TOD. In addition to natriuresis, these peptides have a variety of other functions, including vasodilation, vascular remodeling, inhibition of VSMC proliferation, and modulation of SNS and RAAS function. All of these effects tend to lower BP and reduce related TOD.


Five distinct natriuretic peptides have been identified and characterized, as follows:63




1. ANP is a 28–amino acid peptide synthesized and secreted primarily by the cardiac atria that is an important regulator of sodium balance and BP. ANP deficiency has been associated with impaired renal sodium excretion and BP elevation in animal models and humans.


2. BNP is a 32–amino acid peptide synthesized and secreted primarily by the cardiac ventricles that resembles ANP in structure. The term “brain” natriuretic peptide is a misnomer resulting from the fact that BNP was originally isolated from brain. BNP is overexpressed in the hypertrophic ventricle and is released in response to ventricular stretch, leading to a natriuresis and an acute reduction in preload. These properties have resulted in the use of plasma BNP assay as a diagnostic tool in HF and to the development of recombinant human BNP for the treatment of decompensated HF.


3. C-type natriuretic peptide (CNP), including a 53–amino acid precursor form and a 22–amino acid active form, is widely distributed in brain and peripheral organs, including endothelium, kidney, heart, and adrenal gland. It appears to have similar biologic properties but lower potency than ANP or BNP.


4. Dendroapis natriuretic peptide (DNP), a 38–amino acid peptide isolated from the venom of the green mamba, Dendroaspis angusticeps, has natriuretic and arterial vasorelaxant activity, and DNP-like immunoreactivity has been detected in human atrial myocardium and plasma. Its function in mammals remains to be elucidated.


5. Urodilatin, a non-glycosylated 32–amino acid peptide originally isolated from human urine, shares the ANP sequence but has an additional Thr-Ala-Pro-Arg peptide at the N-terminus. Urodilatin is synthesized only in the renal tubules and is secreted into the tubular lumen. It functions as a natriuretic peptide with greater potency than ANP.





The biologic effects of the natriuretic peptides are mediated by specific natriuretic peptide receptors (NPRs), members of the guanylyl cyclase receptor family. The A and B isoforms (NPR-A and NPR-B) have an extracellular ligand-binding domain, an intracellular guanylate cyclase domain, and a protein kinase–like domain that catalyzes the formation of cGMP from guanosine triphosphate.2 cGMP acts on a variety of intracellular targets, including protein kinases, gated ion channels, and cyclic nucleotide phosphodiesterases. NPR-C lacks the intracellular protein kinase–like and guanylyl cyclase domains and functions as a clearance receptor and the primary regulator of circulating natriuretic peptide levels.


ANP is expressed in and released from atrial myocytes in response to stretch and a variety of neurohumoral stimuli. By activating NPR-A, ANP has renal, hemodynamic, and neurohumoral (inhibition of SNS and RAAS activity) effects that reduce extracellular volume and systemic vascular resistance and thus lower BP. In addition, ANP inhibits growth and proliferation of critical cell types in the heart and vasculature, thus preventing adverse CV remodeling and fibrosis in the setting of hypertension or excess stimulation by growth factors such as Ang II. Mice with homozygous deletion of ANP or NPR-A develop hypertension and cardiac hypertrophy, particularly when fed a high-salt diet. Further, exaggerated interstitial and perivascular fibrosis and early failure develop in hearts of ANP null mice subjected to systolic overload stress, demonstrating the functional significance of ANP as a cardioprotective hormone.64


Relative ANP deficiency, reflected in a blunted increase or a paradoxical decrease in plasma ANP in response to high dietary salt intake, has been demonstrated in humans with salt-sensitive hypertension and in offspring of hypertensive parents.63 Further, polymorphisms in the ANP gene have been associated with hypertension in some populations, particularly African Americans and Japanese, but not in others. A significant association between allelic variants of the ANP gene and aldosterone responsiveness to Ang II has been shown in patients with an aldosterone-producing adenoma. Suppressed circulating ANP levels associated with a reduced NPR-A to NPR-C ratio in adipose tissue have been demonstrated in obese hypertensive patients.63 The latter finding suggests that overexpression of NPR-C in adipose tissue may lead to increased peripheral clearance of ANP, reducing its biologic activity and thus predisposing obese persons to salt-sensitive hypertension. The observation that NPR-C expression in adipose tissue is suppressed in rats following fasting—resulting in increased ANP activity, diuresis, and natriuresis—is consistent with this interpretation. Taken together, experimental and clinical studies suggest a role for ANP in the regulation of BP and the pathogenesis of some forms of hypertension and their associated TOD. Exploitation of the natriuretic peptide–signaling pathway as a therapeutic target has been suggested by the demonstration that inhibition of phosphodiesterase-5 with sildenafil reverses pressure overload–induced cardiac hypertrophy in the mouse.65









The Kallikrein-Kinin System


The kallikrein-kinin system operates in parallel with the RAAS but has many functions (e.g., BP reduction, vasoprotection, natriuresis) that oppose the actions of Ang II and aldosterone.66 Kinins (which include bradykinin, kallidin, and methionyl-lysyl-bradykinin) are generated from protein precursors called kininogens by action of kallikrein, an enzyme that is expressed mainly in submandibular glands, pancreas, and kidney, but is also detectable in vascular tissues, heart, and adrenal glands. Kinins are rapidly hydrolyzed and inactivated by a number of kininases, including ACE (kinase II) and neutral endopeptidase 24.11 (enkephalinase), which also inactivate other vasoactive peptides. Because of this rapid hydrolysis, the kinins circulate in very low concentrations and act mainly near their site of origin.


The kinins act via the B2 and B1 receptors: the B1 receptor is expressed only in the setting of inflammation and tissue injury, whereas the B2 receptor mediates most of the functions of the kinins. B2 receptor activation stimulates release of a variety of vasodilator/natriuretic/antitrophic mediators, which are responsible for the CV effects of the kinins. Interestingly, there is cross-talk between the B2 receptor and ACE, as well as serine proteases such as kallikrein, resulting in B2 receptor activation and potentiation of bradykinin. The B2 receptor also forms heterodimers with the AT1 receptor, activating AT1 receptor signaling, and forms a complex with eNOS, inhibiting NO generation. The functional consequences of these receptor-receptor interactions remain to be fully elucidated, but it is clear that the kinins mediate some of the CV and renal effects of the ACE-Is and ARBs, as well as some of the adverse effects of the ACE-Is. In addition, bradykinin appears to play an important role in mediating the counter-regulatory vasoprotective effects of AT2 receptor activation, as well as the depressor effects of Ang (1-7).


Decreased activity of the kallikrein-kinin system has been linked to human hypertension, in that low urinary kallikrein excretion has been described in normotensive children of hypertensive parents, whereas high urinary kallikrein was associated with a decreased risk of primary hypertension.66 However, animal models with genetic deletion of components of the kallikrein-kinin system do not develop BP elevations, suggesting that the kinins do not play a fundamental role in the pathogenesis of hypertension. They do, however, appear to play an important modulatory role in the salt sensitivity of BP, as well as in the antihypertensive and cardioprotective effects of the ACE-Is and ARBs.









Calcitonin Gene-Related Peptide


CGRP is a 37–amino acid neuropeptide synthesized in the central and peripheral nervous systems by tissue-specific splicing of the primary RNA transcript of the calcitonin/CGRP gene.67 CGRP is a potent vasodilator via both direct (cyclic adenosine monophosphate on VSMCs) and indirect (NO release from endothelium) effects, and also has positive inotropic and chronotropic actions. CGRP acts as a compensatory vasodilator to attenuate the BP increase in rodent models of hypertension. Homozygous deletion of the α-CGRP gene in the mouse results in BP elevation, increased heart weight, and an exaggerated BP response to deoxycorticosterone-salt treatment. However, the role of CGRP in human hypertension remains unclear.









Substance P


Substance P is an 11–amino acid peptide member of the tachykinin family that mediates pain, touch, and temperature.67 It is expressed almost exclusively in neuronal tissues but produces vasodilation and increased vascular permeability by an endothelium-dependent mechanism involving release of both NO and EDHF. Substance P may act to counteract the BP increases seen in animal models of salt-dependent hypertension. Decreased levels of substance P have been reported in human hypertension, but the pathophysiologic significance of this alteration is unclear. In addition, decreased degradation of substance P has been implicated in the pathogenesis of ACE-I–associated angioedema in specific populations.









Adrenomedullin


Adrenomedullin is a 52–amino acid peptide member of the CGRP/amylin/calcitonin superfamily that was first isolated from human pheochromocytoma tissue.62 Adrenomedullin is expressed in highest levels in endothelial cells and is secreted by the endothelium into the circulation. Circulating adrenomedullin levels are increased in hypertension, HF, and renal failure in humans and animal models, likely as a compensatory response to BP elevation and vascular damage. Adrenomedullin delays the BP rise and protects against TOD in rodent models of hypertension. Available data suggest that adrenomedullin functions as a compensatory vasodilator in hypertensive states, but its mechanism of action and precise role in human hypertension are unclear.












Summary


Hypertension results from the complex interplay of pathophysiologic mechanisms, including neurohormonal and mechanistic processes that interact with genetic, demographic, and environmental influences to produce BP elevation. The interaction among these mechanisms explains the heterogeneity of the hypertensive population. Increased SNS activity is a major determinant of BP elevation and TOD in hypertensive individuals. Excess dietary salt, acting on the SNS, the kidneys, and the endothelium, also contributes to BP elevation, particularly in the elderly and African Americans. Changes in vascular tone and structure and endothelial dysfunction contribute to both the development and the maintenance of high BP. The RAAS also plays a crucial role in the pathogenesis of hypertension and related TOD, and most of the effects are attributable to Ang II and aldosterone. Vasoactive substances and peptides, which include (but are not limited to) endothelin, uric acid, the natriuretic peptides, the kinins, CGRP, substance P, and adrenomedullin, participate in BP regulation and may contribute to the development of TOD in hypertensive individuals. Further, the cluster of CV risk factors included in the CMS amplify the usual pressor mechanisms that operate in primary hypertension, making elevated BP a common occurrence in persons with this condition. It is necessary that these multiple risk factors be addressed in the management of hypertensive patients.
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There is no generally accepted definition of hypertension. Three hypertension specialists examined this issue in detail and, failing consensus, published three approaches to the definition based on (1) measured blood pressure (BP), (2) subclinical disease markers, and (3) clinical phenotypes.1 All three have merit, but no single approach is completely satisfactory from the perspective of epidemiology, clinical relevance, and utility for nonclinical applications such as qualification for flight training.


Guidelines and definitions should be evidence-based to the extent possible, and we shall endeavor to do so. It is clear, however, that quality evidence does not exist to answer all questions. In this chapter, we shall explore definitions of hypertension and put forth an effort to provide a unified definition.






Overview


In order to understand the evolution of the definition of hypertension over time, it is necessary to distinguish between the disease, hypertension, and the biomarker, BP. Thus we will use the definition of hypertension offered by the American Society of Hypertension (ASH) Writing Group,2 as updated3:





Hypertension is a progressive cardiovascular syndrome arising from complex and interrelated etiologies. Early markers of the syndrome are often present before blood pressure elevation is sustained; therefore hypertension cannot be classified solely by discrete blood pressure thresholds. Progression is strongly associated with functional and structural cardiac and vascular abnormalities that damage the heart, kidneys, brain, vasculature and other organs and lead to premature morbidity and death.





Note that, although this definition paper was prepared by the American Society of Hypertension Writing Group, the Society has not accepted the paper as official Society policy. Therefore it is not a position statement of the American Society of Hypertension.









Relationships Among the Biomarker, Blood Pressure, and Hypertension


BP is a necessary force required to move blood against gravity. The optimal BP is the lowest pressure required to maintain adequate blood flow throughout the body. Even then, lower BPs may damage the cardiovascular system over time.


BP represents a complex interaction of many facets of the circulation and is truly an important “test” of cardiovascular health. Components of the indirectly measured BP, (i.e., systolic [SBP], diastolic [DBP], and mean [calculated]) contain additional information regarding the circulation. Also, BP varies, depending on where in the vascular system it is measured (e.g., brachial artery pressure vs. central aortic BP). Further, BP has circadian (approximately 24-hour cycle), infradian (cycles of <24 hours), and ultradian (cycles frequently repeated throughout the 24-hour period) variations. Many other factors affect BP variability and should be taken into account.4 However, the historical use of BP to define hypertension was based on the resting BP as recorded in the brachial artery, generally in a clinic setting. An in-depth discussion of all of the various aspects of BP recording and analysis is beyond the scope of this chapter.


The “optimal” BP must be viewed in the context of the function of the circulation. The function of the circulation is primarily to supply oxygen, nutrients, hormones, and heat to the living cells of the body. Also, the circulation provides a means of disposing metabolic end-products. Importantly, the amount of circulation should be matched to the needs of each cell.


The requirement for oxygen by tissues (mL O2/gm) is a convenient way to begin to look at the requirement for the delivery of blood by the circulation and formed the basis of the Fick principle used for the determination of cardiac output (CO). For a total oxygen consumption at rest of 250 mL/min, the circulatory requirements would be approximately 5000 mL/min with the kidney being “overperfused” and the skeletal muscles “underperfused.” Interestingly, since each 100 mL of blood carries about 20 mL of oxygen, a CO of 5000 mL/min delivers a total of 1000 mL of oxygen, of which only 25% is used. This emphasizes the importance of the other functions of the circulation. For example, because humans are homeotherms, maintaining tissues at the appropriate temperature by the circulation is important for metabolic function as described by the “law of Arrhenius,” which states that the rate of chemical reactions is dependent on temperature.


At rest, the CO will vary depending on the size of the individual. The average man has a body surface area of 1.7 m2 with a CO of approximately 5 L/min. The requirement for a CO of 5 L/min is met by a left ventricular (LV) stroke volume of approximately 83 mL at a heart rate of 60 beats/min. The resulting time course of the arterial BP is determined, for practical purposes, by the resistance offered by the precapillary arterioles, and the systolic impedance to LV ejection provided by the proximal arterial circulation.


Based on these relationships, the mean pressure in the proximal systemic arterial circulation is approximately 100 mm Hg for the average man. This is achieved by a BP of approximately 120/80 mm Hg (mean BP = SBP + [2 × DBP]/3; an estimation of the area under the BP curve). The peak systolic pressure is determined by the impedance to LV ejection offered by the proximal arterial circulation plus the addition of reflected waves. The ejection of an LV stroke volume (SV) of 83 mL of blood into an arterial circulation that contains only approximately 500 mL of blood (four fifths of the blood volume is in the veins) without causing an undue increase in SBP depends on the distensibility of the arterial circulation (i.e., the Windkessel effect). The volume distensibility is the change in volume/change in pressure (vol distensability = ΔV/ΔP); or the pulse pressure (PP) = SV/distensibility). Thus, based on a CO of 5 L/min and a normal arterial distensibility, the systolic arterial pressure measured in the proximal arterial circulation is approximately 120 mm Hg for the average man (a slightly higher BP would be expected for a larger person and a slightly lower BP for a smaller one).


Therefore the optimal BP at rest in our average man measured in the brachial artery should be approximately 120/80 mm Hg. This is the pressure that the system is designed to operate with, and when the BP is chronically elevated above the optimal value, the pressure increasingly damages the blood vessels and overloads the left ventricle. It is equally apparent that alterations in either, or both, systolic and diastolic components of BP signal a disturbance in the circulation. When all components of BP are elevated, it is almost certain that the resistance arterial vessels will be narrowed (the capillary pressures in “essential hypertension” are usually normal [i.e., <25 mm Hg]). The role of the kidney in maintaining such an increase in BP throughout the cardiac cycle is important. On the other hand, because SBP is heavily dependent on the distensibility of the arterial circulation, increases in SBP may be present when constriction of the resistance vessels is not present; hence, the DBP is not elevated and the peripheral vascular resistance is not increased.


This admittedly simplistic explanation for the concept of an “optimal” resting BP provides a platform for discussion of the relationship of the biomarker, BP, to the disease “hypertension.”









Historical Perspective


The term blood pressure was coined almost 300 years ago by The Reverend Stephen Hales, the man who first measured it.5,6 In a series of famous experiments during the first quarter of the 18th century, Hales measured arterial BP directly and invasively, first in dogs (in 1708) and later in horses (in 1714), by vertically inserting a long glass tube directly into an incision made in a large artery. The arterial BP was determined by recording the height of blood in the tube; for Hales’ horse, this measurement was 2.52 m of water (which corresponds to 174 mm Hg). Invasive measurement of BP among patients, however, never became widespread.


Awareness of the pulse as a vital sign dates back to the days of Hippocrates and to the practitioners of ancient Chinese medicine. It was not until 1628, however, that the Englishman William Harvey introduced the theory of blood circulation, in which the arterial pulse was first understood to be a pressure wave originating from the heart’s contractions.7


By the 18th century, pulsus magnus durus et tardus, a hardness of the pulse, had become well associated with increased arterial pressure. The pioneering nephrologist John Blackall wrote in 1814 that pulsus magnus durus et tardus was present in some patients with albuminuria and could be relieved by venipuncture.8 Richard Bright, writing between 1827 and 1836, noted the connection between deviations in BP and both diseases of the kidney and strokes.9-12


The “sphygmometer,” or sphygmograph, was first introduced in 1833 by the Frenchman Jules Herisson to display and record the pulse wave, and his countryman Etienne-Jules Marey performed the first proper analysis of the pulse wave in humans.13-15 The Englishman Sir John Burdon Sanderson refined the sphygmograph in the late 19th century to improve the shape and fidelity of the BP tracing.16 In 1886-1887, Riva-Rocci described a simple mercury sphygmomanometer that is the forerunner of the modern device.17,18 In 1905, Nicolai Korotkoff, a Russian surgeon, described the auscultatory sounds that today bear his name and provide the basis for modern noninvasive BP measurement.19


During this period, it was slowly becoming understood that hypertension typically followed nephrosclerosis, causing systemic disease and widespread vascular damage.20 Moreover, a relationship was accepted between disease of the kidneys and cardiac hypertrophy, largely based on findings at autopsy. In addition, the invention of the ophthalmoscope by the German physicist and physiologist Herrmann Ludwig Ferdinand von Helmholtz allowed clinicians to examine the interior of the eye and observe the ravages of hypertensive retinopathy.


Despite this knowledge, the understanding of hypertension remained unclear for centuries. As late as 1946, a standard medical textbook posed this question: “May not the elevation of systemic BP be a natural response to guarantee a more normal circulation to the heart, brain, and kidneys?”21,22


Soon after the sphygmomanometer was introduced into medical practice, observations based on case studies documented that high levels of arterial pressure are associated with renal, vascular, and cardiac diseases.23 Recommended upper limits of normal BP were based on arbitrary values, depending on the opinions of individual medical practitioners. In the opinion of some eminent practitioners, high BP was considered beneficial. In an address given in 1912 before the Glasgow Southern Medical Society and titled “High Blood Pressure: Its Associations, Advantages, and Disadvantages,” Sir William Osler made the following statement about high BP associated with atherosclerosis: “In this group of cases it is well to recognize that the extra pressure is a necessity—as purely a mechanical affair as in any great irrigation system with old encrusted mains and weedy channels. Get it out of your heads, if possible, that the high pressure is the primary feature, and particularly the feature to treat.”24


Early clinical observations that BP, particularly systolic, increases with age led to extensive debates about whether or not age-related increases in BP are part of normal aging. One approach to determining normal upper limits of SBP was to calculate an upper limit of normal SBP as “100 plus the age of the individual.” Another approach to determining normal BP ranges in populations was to relate BP to the age-specific distribution of BPs in the population. This meant that normal ranges varied for different population groups. The life insurance industry was the first to relate mortality outcomes to BP levels in studies that clearly indicated strong and positive linear associations between BP levels and mortality.25 Subsequent definitions for the upper level of normal ranges of BP for adults have evolved and have been based on epidemiologic findings relating BP levels and risks for subsequent adverse outcomes in populations or evidence from clinical trials demonstrating reduced risks of adverse outcomes with antihypertensive therapies.









Should Age Be a Consideration in Defining a Normal Blood Pressure?


In industrialized societies, both cross-sectional and longitudinal studies document an increase of arterial pressure with age.26 This age-related BP increase occurs over the entire range of BPs, not merely in individuals with relatively higher BPs. An earlier concept of two populations, one with a definite rise of BP in middle age and another with little or no rise, has proved to be erroneous.27


In adults, several population-based samples of the United States, including the Third National Health and Nutrition Examination Survey (NHANES III), have demonstrated that mean SBP is higher for men than for women during early adulthood, although among older individuals the age-related rate of rise is steeper for women.28 Consequently, among individuals age 60 years and older, SBP of women is higher than that of men.29 To some extent, this may be related to selective mortality among men with higher SBPs. Among adults, DBP also increases progressively with age until approximately 55 years, after which DBP tends to decrease. The consequence is a widening of PP beyond age 60, possibly caused by loss of vascular elasticity.









Clinical Estimation of Intraarterial Pressure


Intraarterial pressure can be measured accurately by invasive means such as a radial artery catheter attached to a calibrated transducer or during cardiac catheterization procedures. This is practical for intensive care units, but not for the everyday estimation of BP. Therefore the indirect method pioneered by Riva-Rocci and Korotkoff is far better suited to clinical and epidemiologic studies and direct patient care. Newer electronic devices, generally based on analysis of oscillometrically determined pulse waves by proprietary algorithms, are now in wide use. These devices must be validated and calibrated in order to avoid erroneous readings.


Blood pressure is sensitive to many external influences as noted earlier (see also Chapter 4). In order to minimize these causes of variability, the American Heart Association has recommended standard practices for the estimation of clinical BP. These have also been adopted by the Seventh Joint National Committee on the Prevention, Detection, Evaluation and Treatment of High Blood Pressure (JNC 7). In brief, a validated device should be used by a trained operator. The subject or patient should be seated in a chair (not on an examination table) with feet on the floor, back supported, and arm supported at heart level. The person should be permitted to rest for at least 5 minutes and should have refrained from smoking, caffeine, or exercise in the previous 30 minutes. An appropriate size cuff must be used. Grim and Grim30 provided a detailed discussion of indirect BP estimation. Note that persons using home BP devices should follow the same procedure (see Chapter 5).









Physiologic Control of Intaarterial Pressure


Regulation of intraarterial pressure is extraordinarily complex. Critical roles are played by the kidneys, brain and autonomic nervous system, heart, local receptors such as those in the carotid body, elastic and resistance arteries and arterioles, hormonal systems, cytokines, and the vascular endothelium. Disease or imbalance of any of these regulatory factors can be associated with BP that is too high, too low, or that cannot be sustained in the upright position. It is beyond the scope of this chapter to explore these systems and their interrelationships in detail. However, careful study of these systems has led to the discovery of new medications and devices for treating hypertension. For example, detailed knowledge of the renal sympathetic nerves has led to a still experimental radiofrequency ablation method that could be useful in treating resistant hypertension (see also Chapter 25).31









Epidemiologic Approach to Defining Hypertension: Blood Pressure and Cardiovascular Disease Risk


The epidemiologic approach focuses on the relationship between the biomarker, BP level, and the risk of cardiovascular disease. Sir George Pickering clearly articulated this more than 40 years ago, when he wrote: “Arterial pressure is a quantity and its adverse effects are related numerically to it. The dividing line (between normal BP and hypertension) is nothing more than an artifact.”32


Subsequent epidemiologic data generally support a continuous, incremental risk of cardiovascular disease, stroke, and renal disease across levels of both systolic and DBP.33-35 Data collected by insurance companies demonstrate a quantitative, inverse relationship between arterial pressure and life expectancy, even at the lower levels of pressure. The Multiple Risk Factor Intervention Trial (MRFIT), which included over 350,000 male participants, confirms a continuous and graded influence of both systolic and DBP on coronary heart disease mortality, extending down to SBPs of 120 mm Hg.36,37 Data from the Framingham Heart Study (FHS) indicate that cardiovascular disease risk is increased 2.5-fold in women and 1.6-fold in men with “high-normal” BPs (SBP 130-139 mm Hg or DBP 85-89 mm Hg), the term used by the Sixth Joint National Committee on the Detection, Evaluation and Treatment of High Blood Pressure.33 Systolic, and to a lesser extent, diastolic, BPs are also associated with risk of death from both hemorrhagic and nonhemorrhagic stroke.34 Data from the MRFIT observational arm also indicate that risk estimates for end-stage renal disease are graded for both systolic and DBPs, and that SBP is the stronger predictor of subsequent risk.38


Although early definitions of hypertension focused on levels of DBP, it is now recognized that SBP is a more powerful predictor of coronary artery disease (CAD) than DBP, particularly among older individuals.39,40 According to FHS data, before age 50 years, DBP is a stronger predictor of CAD. However, with increasing age, there is a transition from DBP to SBP as the dominant predictor of CAD. After age 60, CAD is more closely related to SBP, and wide PP is also predictive of CAD. An analysis of the FHS data indicates that at any level of SBP, the risk of CAD increases as DBP decreases; in other words, higher risk is associated with an increased PP.41,42 Similarly, a meta-analysis of several large clinical trials in the elderly indicated that although total mortality is positively correlated with SBP at entry, the association with DBP is negative.43 This again highlights the importance of PP as a risk factor in the elderly. In elderly and middle-aged men and women, based on data from the FHS, the risk of heart failure is also greater for SBP and PP than for DBP.44


Several additional cohort studies suggest that SBP and PP are better predictors of cardiovascular outcomes than DBP.42,45 Risks of stroke, CAD, and all-cause mortality are higher in individuals with isolated systolic hypertension (SBP ≥160 mm Hg, DBP <90 mm Hg) than in individuals with diastolic hypertension (DBP ≥90 mm Hg).36,39 In a prospective cohort of middle-aged men, over a 32-year follow-up period, isolated diastolic hypertension (DBP >90 mm Hg, SBP <140 mm Hg) was not associated with increased mortality.46 However, a review of nine prospective, observational studies documents continuous, positive, independent associations of stroke and CAD with DBPs in the range of 70 to 110 mm Hg.47 There was no evidence of any threshold below which DBPs were not associated with lower risks.


Results of a meta-analysis of data from 61 prospective studies involving almost one million participants demonstrate that “usual BP” down to a level of 115/75 mm Hg is strongly and directly related to ischemic heart disease mortality, stroke mortality, and mortality from other vascular causes, without evidence of a threshold.48 Both systolic and DBPs were independently predictive of stroke and coronary mortality. The contribution of PP to cardiovascular risk increased after age 55. Between ages 40 and 69, in both men and women, each 20 mm Hg difference of SBP or approximately 10 mm Hg DBP was associated with more than a twofold difference in stroke death rates and with a twofold difference in death rates from ischemic heart disease and other vascular causes. The relationship of BPs to cardiovascular mortality was reduced by approximately 50% at ages 80 to 89 years. Based on an overview of prospective cohort studies, in individuals aged 60 to 79 years, each 10 mm Hg decrease in SBP is associated with a 33% decreased risk of stroke.49






The Joint National Committees and Other Definition Providers


In 1977, the First Joint National Committee on Detection, Evaluation, and Treatment of High Blood Pressure (JNC I) classified hypertension as DBP ≥105 mm Hg, and suggested only that consideration be given to actively treating patients with DBP ≥90 mm Hg.50 In 1980, the Second Joint National Committee on Detection, Evaluation, and Treatment of High Blood Pressure (JNC II) defined hypertension as DBP ≥90 mm Hg.51 There were no recommendations for classifying or treating SBP in JNC I or II. Subsequent JNC reports have recommended progressively more rigorous criteria for defining and treating hypertension.52


A number of classifications for hypertension currently exist. The JNC 7 report, published in 2003, defined “normal” BP as <120/80 mm Hg.53 It further stated that individuals with SBP 120-139 mm Hg or DBP 80-89 mm Hg should be considered “pre-hypertensive,” for whom health-promoting lifestyle modifications are recommended. Individuals with SBP ≥140 mm Hg and/or DBP ≥90 mm Hg are considered to have hypertension, and drug therapy is recommended to achieve a goal BP <140/90 mm Hg. Isolated systolic hypertension is defined as SBP ≥140 mm Hg and DBP <90 mm Hg, whereas isolated diastolic hypertension is defined as SBP <140 mm Hg and diastolic pressure ≥90 mm Hg.


The European Society of Hypertension/European Society of Cardiology54 classification has been endorsed by the World Health Organization and International Society of Hypertension.55 Although similar, the most notable difference between JNC 7 and the European classification is the distinction between normal (SBP <120 mm Hg and DBP <80 mm Hg) and pre-hypertension (SBP 120-139 mm Hg or DBP 80-89 mm Hg) in JNC 7 and the definitions of “optimal” (SBP <120 mm Hg and DBP <80 mm Hg), “normal” (SBP <120 mm Hg and DBP <80-84 mm Hg) and “high normal” (SBP 130-139 mm Hg or DBP 85-89 mm Hg) BP in the European classification.


In approximately 15% to 20% of patients with stage 1 hypertension as defined by JNC 7, BP may be elevated only in the presence of a healthcare worker, but not when measured at home or work.56 This phenomenon is referred to as “white coat” hypertension. A frequently used definition of white coat hypertension is a persistently elevated average office BP of >140/90 mm Hg and an average awake ambulatory reading of <135/85 mm Hg. Pickering and White57 have detailed when and how to use these measurements. Although individuals with white coat hypertension may have less cardiovascular disease risk than individuals with raised office as well as raised ambulatory BPs, several, but not all studies, suggest that this condition is associated with target organ damage (TOD). Verdecchia and associates58 followed 4406 hypertensive subjects and 1549 healthy controls from four prospective cohort studies. The risk of stroke in white coat hypertensives exceeded that of the normotensive group at 6 years of follow-up and the ambulatory hypertensive group at 9 years. Their conclusions were cautious, but it is clear that white coat hypertension is not a benign condition and that a long period of observation is necessary to detect differences in outcomes. Home BPs and average 24-hour ambulatory BPs are generally lower than clinic BPs, and the discrepancy increases as the clinic BP values increase.59 Although limited, increasing evidence suggests that home BPs predict TOD and morbid events more reliably than clinic measurements.60 Several recent studies have attempted to identify the normal ranges for these measurements in two ways: (1) comparison of the BP level that best corresponds to a clinic BP of 140/90 mm Hg, and (2) relating ambulatory BPs to risk in prospective studies.61 One large study proposed a level of 137/74 mm Hg as an acceptable upper limit for home readings, based on the observation that cardiovascular risks increase above this level.62 An ad hoc committee of the American Society of Hypertension recommended 135/85 mm Hg as the upper limit of normal for home and ambulatory BPs.63 Similarly, a committee of the American Heart Association’s Council on High BP Research suggested values for the upper limit of normal ambulatory BPs (see Chapter 6): daytime <135/85, nighttime <120/70, and 24 hours <130/80 mm Hg.56


The 2004 report of the National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents defines hypertension in children and adolescents as SBP and/or DBP consistently above the 95th percentile for age, gender, and height.28 To be consistent with JNC 7, BPs between the 90th and 95th percentiles are termed “prehypertensive” and are considered an indication for lifestyle interventions.









Perspective


As a result of information obtained from both observational studies and prospective clinical trials over the past 40 years, hypertension has been defined in terms of progressively lower levels of BP. Clinically, other factors in addition to the BP level should be considered when applying recommended guidelines to the care of the individual patient. Decisions about goal BP should also be based on the assessment of overall cardiovascular disease risk, patients’ co-morbidities, and the availability of effective and well-tolerated drugs.












Practical Issues and Applications


No matter how hypertension comes to be defined, arbitrary numeric cutoffs are necessary for purposes such as study protocol design, practice algorithms, decision making in regard to ratings for life insurance, certain employment physical examinations, and qualification for flight training. Evidence-derived criteria necessarily stem from studies of groups of people. Individual patients may or may not fit the criteria used to define the cohort on which the study was based.


The definitions outlined below are an attempt to approach a person-specific definition that is based not only on estimated BP readings, but on a variety of physiologic considerations as well.









Stages of Hypertension


Staging of a disease process such as hypertension is an assessment of the extent to which the disease has advanced at a particular time; in other words, it is a “snapshot” of the pathophysiological process. On the other hand, total cardiovascular risk assessment is an attempt to predict the future likelihood of the occurrence of a cardiovascular event such as myocardial infarction or stroke. Staging of hypertension and total cardiovascular risk assessment are related, but not identical.


Individuals are either normal or hypertensive based upon their cardiovascular status. The progression of hypertension—from early to advanced—may be represented as stages 1, 2, and 3 hypertension. Each stage of hypertension is characterized by the cumulative presence or absence of markers of hypertensive cardiovascular disease and evidence of TOD. For example, progression includes such parameters as microalbuminuria or evidence of LV hypertrophy. The occurrence of a major cardiovascular event clearly places the progression of the disease in a more advanced stage.






Blood Pressure as a Biomarker for Hypertension


Blood pressure serves as a biomarker for the disease hypertension. However, individuals with the same levels of BP might be in different hypertension stages (Table 3-1). Furthermore, some individuals may exhibit elevated BP in the absence of hypertension. For purposes of calculating total cardiovascular risk, BP should be evaluated in the context of other cardiovascular risk factors and disease markers.




TABLE 3-1 Definition and Classification of Hypertension
 [image: image]











Classification of Hypertension






Normal


These are individuals with optimal levels of BP and no identifiable early markers of cardiovascular disease. Their resting BP levels are usually <120/80 mm Hg; but occasional elevated BPs (even, but rarely, to levels ≥140/90 mm Hg) may occur in these individuals. Some individuals designated as having pre-hypertension by JNC 7 will be classified as normal in this system. Accurate diagnosis in some individuals may be assisted by home BP determinations or 24-hour ambulatory BP recordings.









Stage 1 Hypertension: Characterized by Early Cardiovascular Disease Markers


Stage 1 hypertension is the earliest identifiable stage of hypertensive disease and generally arises from circulatory, vascular, or renal adaptations to environmental or genetic stimuli. This stage is often characterized by early signs of functional or structural changes in the heart or small arteries. BP levels are almost always above 115/75 mm Hg and may be frankly elevated, particularly with environmental stress. Subjects frequently have more than one cardiovascular risk factor (Box 3-1). This category is applied only to those individuals with early disease markers (Table 3-2) who do not show any evidence of TOD (Table 3-3).





Box 3-1 Cardiovascular Risk Factors


Increasing age


Elevated blood pressure∗ (≥130/80 mm Hg)


High heart rate (>84 beats/min)


Overweight/obesity


Increased BMI (≥30 kg/m2)


Central obesity


Increased abdominal circumference (>40 in [102 cm] for men; >35 in [88 cm] for women)


Increased abdominal adiposity (waist-to-hip ratio: >0.94 for men, >0.82 for women, waist-to-height ratio >approximately 0.5)∗


Dyslipidemia


Elevated LDL (>100 mg/dL) or non-HDL (>130 mg/dL) cholesterol


Low HDL cholesterol∗ (<50 mg/dL for women, <40 mg/dL for men)


Elevated triglycerides∗ (>150 mg/dL)


Elevated blood glucose, insulin resistance, or diabetes∗


Chronic kidney disease


Smoking


Family history of premature CVD (<age 50 in men, <age 60 in women)


Sedentary lifestyle


Psychosocial stressors


Elevated hs-CRP, and other inflammatory markers




∗ Components of the metabolic syndrome. BMI, body mass index; CVD, cardiovascular disease; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; non-HDL cholesterol, total cholesterol – HDL cholesterol.








TABLE 3-2 Early Markers of Hypertensive Cardiovascular Disease


 

	SYSTEM

	PHYSIOLOGIC ALTERATION






	Blood pressure

	Loss of nocturnal BP dipping
Exaggerated BP responses to exercise or mental stress
Salt sensitivity
Widened pulse pressure






	Cardiac

	Left ventricular hypertrophy (mild)
Increased atrial filling pressure
Decreased diastolic relaxation
Increased natriuretic peptide






	Vascular

	Increased central arterial stiffness or pulse wave velocity
Small artery stiffness
Increased systemic vascular resistance
Increased wave reflection and systolic pressure augmentation
Increased carotid intimal-media thickness
Coronary calcification or stenoses by CTA
Endothelial dysfunction
Capillary rarefaction






	Renal

	Microalbuminuria (urinary albumin excretion of 30-300 mg/day)∗
Elevated serum creatinine
Reduced estimated GFR (<60-90 mL/min/1.73 m2)






	Retinal

	Hypertensive retinal changes







BP, blood pressure; CTA, computerized tomographic angiogram; GFR, glomerular filtration rate.


∗ Also a marker of microcirculatory disease.


TABLE 3-3 Hypertensive Target Organ Damage and Overt Cardiovascular Disease


 

	SYSTEM

	EVIDENCE OF TARGET ORGAN DAMAGE AND CARDIOVASCULAR DISEASE






	Cardiac

	Left ventricular hypertrophy (moderate to severe)
Systolic or diastolic cardiac dysfunction
Symptomatic heart failure
Myocardial infarction
Angina pectoris
Ischemic heart disease or prior revascularization






	Vasculature

	Peripheral arterial disease
Carotid arterial disease
Aortic aneurysm






	Renal

	Albuminuria (urinary albumin excretion >300 mg/day)
Chronic kidney disease (estimated GFR <60 mL/min) or ESRD






	Cerebrovascular

	Stroke
Transient ischemic attack
Decreased cognitive function
Dementia
Loss of vision







CNS, central nervous system; ESRD, end-stage renal disease; GFR, glomerular filtration rate.


Stage 1 hypertension is a critical stage to investigate on two fronts: first, to bring specific and sensitive cost-effective tests that can detect early cardiovascular disease markers (see Table 3-2) into the clinic setting, and second, to determine if early vascular derangements can be attenuated or reversed before the onset of TOD or overt cardiovascular disease.









Stage 2 Hypertension: Characterized by Diffuse Disease Markers


Individuals with stage 2 hypertension (comparable to but precisely the same as JNC 7 stage 1 hypertension) frequently have sustained resting BP levels ≥140/90 mm Hg, with much higher elevations induced by physiologic or psychological stressors. However, individuals with numerous disease markers (see Table 3-2) or limited evidence of early TOD such as LV hypertrophy (see Table 3-3) are included in this group regardless of BP levels.


Stage 2 hypertension indicates that progressive disease has developed as a consequence of persistent functional and structural changes in BP control mechanisms and in the heart and vasculature. Some of the early TOD characteristic of this stage of hypertension can be detected with specialized or research studies, which should be evaluated further to determine their potential utility and cost-effectiveness in clinical settings. Risk factors that are associated with stage 2 hypertension, if not attenuated, continue to contribute to progressive TOD.









Stage 3 Hypertension: Overt Cardiovascular Disease


Untreated individuals with stage 3 hypertension (JNC 7 stage 2 hypertension) usually have sustained resting BP levels ≥140/90 mm Hg; marked elevations to levels >160/100 mm Hg are not uncommon. These BP levels may also be present in hypertensive individuals who are not adequately treated. All individuals with clinical evidence of overt TOD (see Table 3-3) or cardiovascular disease are included in this category, as well as those who have already sustained cardiovascular events, regardless of BP levels.


Stage 3 hypertension is an advanced stage of the hypertensive continuum in which overt TOD is often pervasive and cardiovascular events may have already occurred. Aging and the persistence of other identifiable risk factors continue to exacerbate the risk of morbidity and mortality. Reaching this phase means that TOD as well as overt vascular and renal disease has already occurred. Vigorous attempts at BP lowering as well as lipid control and unambiguous attempts to get the patient to stop smoking if they still smoke must be sustained in these individuals to prevent or delay further progression. Evaluation and appropriate treatments for all identified cardiovascular diseases should be maintained and efforts to attenuate any modifiable risk factors should be continued.
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Blood pressure (BP) ranks third (after age and tobacco use) as predictors of mortality.1,2 Before hypertension can be properly diagnosed, and attempts made to lower BP using lifestyle modifications and/or drug therapy, accurate measurement of BP is essential. Unfortunately, BP measurement is almost never performed according to recognized guidelines, published by the American Heart Association (AHA) periodically since 1938.3,4 The European Society of Hypertension (ESH) recently issued a plea for manufacturers to develop an accurate and reliable BP-measuring device for use in low resource settings, because high BP is now the leading cause of death and disability in every country in the world.5,6 We would argue that such a device currently exists: a trained health care worker using a mercury manometer and a stethoscope






A Brief History of More Than a Century of Blood Pressure Measurement


In the early 1900s, with the advent of standardized methods for measuring BP, it became apparent that elevated BP was an important predictor of premature death and disability in patients who reported feeling ill. Janeway7 coined the term “hypertensive cardiovascular disease” after following 7872 consecutive new patients in whom he measured BP by palpation from 1903 to 1912. He noted that 53% of men and 32% of women with symptomatic hypertension died in this 9-year period, and 50% of those who died had done so in the first 5 years after being seen. Cardiac insufficiency and stroke accounted for 50%, and uremia for 30%, of the deaths. By 1914 the life insurance industry had learned that even in asymptomatic men, the measurement of BP was the best way (after age) to predict premature death and disability, and all insurance examiners were required to measure BP for a person to obtain a life insurance policy. In 1913 the Chief Medical Officer of the Northwest Mutual Life Insurance Company stated, “No practitioner of medicine should be without a sphygmomanometer. This is a most valuable aid in diagnosis.”


Population-based studies of standardized BP measurement began in 1948 with the Framingham Heart Study. Using standardized measurement of BP according to the guidelines developed by the AHA, Framingham investigators demonstrated that cardiovascular (CV) risk increased continuously from the lowest to the highest levels of BP and that the systolic blood pressure (SBP) was the most predictive. At least 91% of those who developed heart failure (HF) had high BP before they developed overt HF.8 The impact of BP was even more devastating in African Americans in Evans County, Ga., where 40% of all deaths in African American women were attributed to high BP.9 These results, and the discovery of drugs that lowered BP, led to the implementation of large-scale trials in the 1960s in order to determine the level of BP at which the risks of lowering it outweighed the risks of not lowering it. Before the advent of effective BP medications, only severe sodium restriction had been demonstrated as an effective way to reduce BP to normal levels.10 These early trials attempting to modify the natural history of hypertension (see Chapter 13) required design and implementation of strategies to ensure that all personnel at many study centers would measure BP with the highest accuracy and reliability over 5 years. Methods of training developed for these and other trials—as well as for the several population-based National Health And Nutrition Examination Surveys (NHANES)—and evolved into a standardized training, certification, and quality improvement program.11 The lessons learned from these training programs need to be transferred to the routine practice of medicine even today, if the impressive benefits of these trials are to be transferred to the general population. A video and digital video disk (DVD)–based training and certification program has been based on their experiences.12 Implementation of these training and certification programs for personnel working in NHANES has improved the quality of BP measurements in this important program.13 The State of Michigan has adapted the program using an interactive CD format, to improve the quality of BP measurement in clinical practice (see www.michigan.gov/hbpu for more details; the program itself is available online at http://sharedcare.trainingcampus.net).


In most large-scale hypertension trials, the difference in BP between the treated and untreated groups over 5 years has been <10/5 mm Hg. Thus errors of this magnitude, if falsely low, will deny the proven benefits of treatment to millions of people who truly have high BP but who will be incorrectly told that their BPs are not high enough to warrant treatment. Of course, errors that lead to a falsely increased reading will result in overdiagnosis, potentially harmful and expensive treatment, and labeling of a person as being hypertensive. All of these can have significant economic and psychological effects.









The Importance of Careful Blood Pressure Measurement on the Health Care System


Figure 4-1 illustrates the effect of a “small” (5 mm Hg) systematic error on the prevalence of hypertension in the largest nationwide screening program for hypertension ever performed,14 which is still reflective of the U.S. health care system. The horizontal axis is diastolic blood pressure (DBP) in 5 mm Hg intervals. The vertical axis is the percentage of the U.S. population (in 1983) who had a DBP in each 5 mm Hg interval. The vertical yellow line at 90 mm Hg divides the population into those with a DBP ≥90 mm Hg, who are diagnosed as hypertensive. In this sample, 25% of adults (~50 million persons) had a DBP of ≥90 mm Hg. If the BP was measured “only” 5 mm Hg too high, then those with a DBP of 85 to 90 would have been told they had hypertension. This would have increased the number of Americans by 54% (~27 million) that should have their BP lowered. In other words, the American hypertensive population would have been (erroneously) increased by 54%. This would add a tremendous burden (in time, cost, and effort) to the health care system. If the error was such that DBP was measured systematically “only” 5 mm Hg too low, then those with a DBP from 90 to 95 mm Hg would have been labeled as not hypertensive, and 42% of all truly hypertensive people would be denied the proven benefits of BP-lowering. Because a trained human using a mercury manometer is still the gold standard for BP measurement, and the overwhelming majority of our clinical trial database has been based on this method, true disciples of evidence-based medicine should insist on using this technique to measure BP, rather than accept other methods of BP measurement.
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FIGURE 4-1 The effect of small errors on blood pressure (BP) measurement in the percentage of the population with and without high BP. See text for further discussion.


(Data from Daugherty SA. Hypertension detection and follow-up program. Description of the enumerated and screened population. Hypertension. 1983;5[6 Pt 2]:IV1-43.)












Environmental Concerns about Elemental Mercury in the Medical Workplace


Since the early 1990s, regulatory authorities (including the U.S. Occupational Health and Safety Administration) have urged reduction/removal of mercury and other known toxic substances from all workplaces.15-18 In some jurisdictions (e.g., Sweden, Minnesota) and health care systems (e.g., U.S. Department of Veterans Affairs Medical Centers), mercury sphygmomanometers have been prohibited and are being replaced. The contribution of mercury manometers to the global mercury burden must be extremely small, and much smaller that the contribution of the widely recommended mercury-containing, low-energy light bulbs. Nevertheless the state of Washington forbids the purchase of a new mercury manometer unless it is replacing one already in service. On the other hand, Michigan permits every physician’s office to have one mercury device for calibration. This presents both challenges and opportunities.


The obvious benefit of removal of the known toxin, elemental mercury, is that health care workers will no longer be exposed to even low levels of mercury vapor. Chronic inhalation of mercury vapor has been linked to decreased mental acuity, renal impairment, peripheral neuropathy, and death.19 Problems have not been reported with mercury exposure from BP devices, except among individuals who repaired them many years ago in unventilated facilities. The clear concern is that the mercury sphygmomanometer will be difficult to replace. This traditional, very accurate, highly reproducible, and simple method of measuring BP has been the standard technique for measurement of office BP for more than 100 years. In fact, the design of the mercury sphygmomanometer is essentially unchanged today from what was used 50 years ago, except that today’s instruments are less likely to discharge liquid mercury, particularly if dropped. Because of the constant density of mercury at all altitudes and inhabitable environments, and its universal function as “the standard” in all pressure measurements in every branch of science, there is little difference in accuracy across brands, which is certainly not the case with other types of sphygmomanometers. Despite the simplicity of the mercury sphygmomanometer, it must be properly maintained and cleaned occasionally. A survey of mercury sphygmomanometers in Brazilian hospitals found 21% of the devices with technical problems that could reduce their accuracy20; a similar study in England found >50% of mercury columns that were defective.21 However the majority of the problems with these devices were related to the bladders, cuffs, and valves—not the mercury manometers themselves. Thus even when mercury devices are replaced, the office/health system must implement quality control measures for all parts of BP devices that most commonly malfunction.


Unfortunately, there is currently no generally accepted replacement for mercury manometers, and the most recent set of guidelines from both Europe and the AHA continue to recommend the use of mercury, if available.22,23 Although the most recent report of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure (JNC 7) has not fully endorsed the use of alternatives to the mercury sphygmomanometer,24 newer BP measurement devices (that do not contain mercury) are being adopted in many centers. Unfortunately, very few “professional” BP measurement devices have been thoroughly tested25 or proved as reliable, accurate, and long-lived as the mercury column. No automatic sphygmomanometers have been validated as accurate in children using Korotkoff phase 4 (muffling), as required by the newest Association for the Advancement of Medical Instrumentation (AAMI) standards. Most of the inexpensive devices currently on the market are meant for home use, where they may be activated perhaps once daily. These are probably neither accurate nor durable enough to be recommended for a busy health care facility, at which BP is measured hundreds of times a day. Nevertheless such home devices are widely used in offices, especially in geriatric facilities. Because there is no gold standard home electronic device, seven different home BP devices have been tested on a single subject over several weeks, to determine if the average home BPs measured by the devices were similar.27 Unfortunately, the average 2-week home BP estimated by these devices varied by 31 mm Hg for SBP and 19 mm Hg for DBP. Thus the practitioner must validate, in each patient, every automatic device used to make medical judgments. One electronic device that looks like a large aneroid manometer has been validated and has been used in at least one large clinical trial.28 Its long-term accuracy, durability, drift, and hysterisis problems have not been reported. Inexpensive aneroid sphygmomanometers are susceptible to damage (particularly after being dropped to the floor), resulting in inaccurate measurements that are not easily recognized.29 These devices are most commonly used by home health care professionals, such as visiting nurses. Rubber guards and regular calibration have been recommended for these devices. Even validated oscillometric devices will make large errors (>10 mm Hg) in many individual patients.30 The new revisions of both the ESH31 and the AAMI protocols26 will increase the number of home devices that will not be able to pass standards. An analysis of the new ESH protocol standard increased the failure rate of published devices on the market from 17% to 42%. The major reason for failure was the requirement that, when tested on 33 subjects, only three could have all three readings by the device that differ by more than 5 mm Hg from sequential human readings that bracket each device reading.32 The new and more stringent AAMI validation protocol tests the probability (at the 15% level) that a device will have an error >10 mm Hg.26 The statistical testing protocol is based on the historical definition of a “clinically significant” error in BP measurement of >10 mm Hg when AAMI first set their standards. This should now probably be lowered to a minimum of a 5 mm Hg tolerable error, to minimize the likelihood that automatic devices will not overestimate or underestimate BP by >5 mm Hg in most patients. Current recommendations from both the AHA and European Expert Committees recommend that whenever a sphygmomanometer that does not contain mercury is to be used, it should be checked regularly against a standard mercury column to ensure accuracy. Even electronic calibrators must be regularly calibrated against mercury to assess and correct for electronic drift over time.









How Can the Measurement of Blood Pressure Be Improved in Clinical Practice?


The most recent AHA guidelines include these important conclusions3:





“In view of the consequences of inaccurate measurement, including both the over-treatment and under-treatment, it is the opinion of this committee that regulatory agencies should establish standards to ensure the use of validated devices, routine calibration of equipment, and the training and retraining of manual observers. Because the use of automated devices does not eliminate all major sources of human error, the training of observers should be required even when automated devices are used.”





Although BP measurement is taught in all schools for health care professionals, from office assistant to medical school, correct measurement techniques, according to the AHA’s Guidelines,3 are almost never taught and therefore never practiced. This may be the result of failure to initially master the knowledge, skills, and techniques needed to obtain an accurate BP measurement, and the lack of periodic retraining and reevaluation thereafter, which the AHA recommends on a semi-annual basis.3 Neither beginning medical students who claim to have learned proper BP measurement technique,33 nor practicing nurses in Australia34 or Taiwan,35 nor physicians in India,36 nor general practitioners in Newfoundland,37 had sufficient knowledge to pass a standardized test regarding correct technique in BP measurement. Instruction in BP measurement should be provided in a standardized fashion, in compliance with current AHA guidelines.3


The importance of retraining and retesting was illustrated in the British Regional Heart Study, in which simultaneous BP readings were taken by trained nurses and a triple-headed stethoscope during training.38 Immediately after the initial training, the inter-individual variability in the field (Fig. 4-2) was very small, but it increased progressively during the next 6 months. After the pre-planned retraining session at 6 months (see Fig. 4-2), interindividual variability decreased again, nearly to baseline levels. However, because the nurses considered the training tedious and unnecessary, the second retraining session, scheduled for 12 months, was not held. At 14 months into the study, however, the SBPs recorded by observer 1 and 2 differed by an average of 21.0 mm Hg. After retraining at 18 months, the interindividual variability returned to 0 mm Hg. The authors suggested that retraining and retesting should be done every few months for research studies, but this might not be feasible in routine medical practice. This led to the development, testing, and publication of a video-tutored program that teaches the AHA guidelines and tests mastery of the knowledge, skills, and techniques required to obtain accurate and reliable BP readings.12 The program requires 6 to 8 hours of contact time, but few curricula in medical, nursing, or health aide professions devote sufficient time to practice and then test a student’s mastery of this critical skill. Once trained, few if any curricula retest this skill before graduation, and few health care systems require any retesting or update in knowledge once entering the health care delivery system. Periodic equipment maintenance and observer quality assurance programs should both be part of the curriculum.





[image: image]

FIGURE 4-2 Training decreases between-observer measurement differences in blood pressure. In this 24-month British Regional Heart Study, three nurses measured blood pressure during a population survey, and their interindividual variation is plotted on the y-axis over time. After training sessions (designated by “T” along the top), the interindividual variations decreased markedly. When the training session scheduled at 12 months was omitted, the variation hit a peak, but dropped back to very little after the next training session at 14 months.


(Modified from Bruce NG, Shaper AG, Walker M, Wannamethee G. Observer bias in blood pressure studies. J Hypertens. 1988;6:375-380.)












Blood Pressure Measurement: Proper Technique for Quality Assurance and Improvement


This section summarizes the published curriculum that reviews, reinforces, and tests the knowledge, skills, and technique needed to obtain an accurate BP.12 It is based on all of the AHA recommendations for BP measurement and many years of experience, teaching these skills and certifying practitioners in clinical practice or research studies funded by the National Institutes of Health, the pharmaceutical industry, and public and private health care delivery systems.


Many assume that using an automatic BP measurement device eliminates human error. However, except for those principles and skills needed to perform the auscultatory BP measurement, all of the steps required to get an accurate BP by auscultation must also be followed when an automated device is used.









Critical Skills for Any Blood Pressure Observer


Any person who measures BP or interprets the readings made by others must possess the skills, knowledge, and mastery of techniques summarized in Figure 4-3. Proper measurement of BP involves coordination of hands, eyes, ears, and mind, and deficits in any one of these areas can lead to imprecise and erroneous measurements. In testing of “experienced” observers, some persons were identified who could not hear well enough to recognize Korotkoff sounds. Other individuals could not remember the SBP without writing it down during cuff deflation. Staff in every practice setting can be screened initially and annually for these problems by testing with standard videotapes and multi-earpiece stethoscope BP measurements (described below) and direct observation of the individual’s technique.
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FIGURE 4-3 The skills needed to obtain an accurate blood pressure. The observer must master a high-level integration of eye, hand, ear, and brain coordination.











Manometers and Their Calibration


A mercury manometer, two aneroid gauges (one intact and one with the face removed), and an electronic BP measuring device are shown in Figures 4-4 and 4-5. The mercury manometer is the primary (reference) standard for all pressure measurements in science, industry, and medicine. The pressure is read at the top of the liquid mercury meniscus to the nearest 2 mm Hg. Practitioners who measure BP with nonmercury devices should have at least one reference mercury device available to check other devices regularly, or have an electronic calibration device that can be traceable directly to the mercury standard. The tube containing the mercury should be large enough to allow rapid increases and decreases in pressure. The 2-mm graduated markings should be on the tube itself. The standard glass tube, which can break, should be replaced with either a Mylar-wrapped glass tube or a plastic tube. The inside view of the aneroid device (see Fig. 4-4) shows a delicate system of gears and bellows that can be easily damaged by rough handling. Such devices also develop metal fatigue with time, which leads to inaccuracy. In a recent survey in German hospitals, 60% of aneroid devices were out of calibration and the error was almost always reading too low.39 This will lead to underdiagnosis and undertreatment of many with hypertension. To detect an inaccurate aneroid device, inspect the face for cracks and be sure the needle is at zero. If it is cracked or does not read zero, it will nearly always be inaccurate and should be recalibrated before reuse. Once an aneroid device is out of calibration, it is difficult to detect the direction of the variance without calibrating it against a mercury or other reference standard. This process is uncommon in both the United States and Europe. It has been alleged that, “Clinicians using equipment which has not been maintained and calibrated may be medically negligent,”40 but this has not been legally tested.
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FIGURE 4-4 Three manometers commonly used in blood pressure measurement. The mercury column (on the left) has been the traditional gold standard for pressure measurement in science, industry, and medicine; the aneroid manometer (with dial in the center) and with dial removed (at the right) are shown.
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FIGURE 4-5 Diagrammatic setup for calibrating manometers against the mercury column. The Y-tube connects the devices being calibrated with the reference mercury manometer for simultaneous static comparisons of pressure readings in the devices being calibrated. It is recommended that this be done every six months.








Calibrating the Manometer


If a mercury device is at zero and the column is clean and rises and falls rapidly with inflation-deflation, the manometer is, by definition, accurate. Other manometers for calibration should be connected in parallel by Y tubes (e.g., Fig. 4-5). Mercury or aneroid devices should be checked for leaks by wrapping the BP cuff around a cylinder (e.g., a tin can) and inflating the cuff to 200 mm Hg. If the pressure after 1 minute is lower than 170 mm Hg, there is a leak that must be found. If pinching the tubing just before the inflation bulb stops the leak, the leak is in the valve, which can be taken apart and cleaned or replaced. If the leak continues when the tubing is pinched just before the manometer, the leak is in the manometer. If this is the case: (1) note whether the mercury column rises and falls smoothly, (2) locate and correct any leaks by replacing the appropriate part (although a leak of <2 mm/sec can be tolerated, since this is the correct deflation rate), and (3) date the device to indicate when it was last inspected/repaired. Now reinflate again to 200 mm Hg. Deflate the pressure in the system slowly, and check the aneroid manometer against the mercury column at the critical decision points for BP: 180, 160, 140, 130, 120, 110, 100, 90, 80, and 70 mm Hg. The standard for reading both mercury and aneroid manometers is as follows: (1) if the Korotkoff sound occurs or the tip of the aneroid needle is at or above the middle of the 2-mm mark, one should round up the reading to the nearest 2 mm Hg; (2) if the reading is below the mid 2-mm mark, the reading is rounded down to the nearest 2 mm; (3) with the Y-tube connecting the aneroid and mercury manometers, if the average of readings from the nonmercury device differs from that of the mercury column by more than 4 mm Hg, the nonmercury device should be recalibrated by trained personnel or discarded.


To calibrate an electronic device, connect the electronic instrument and the mercury column using the Y-tube. If the device has a calibration setting, check the pressures registered on the electronic manometer, as earlier. If there is no calibration setting, the inflation mechanism of the electronic device must be activated, and the pressure on the digital display compared with the mercury column. Because many automated devices (especially those used in the home) do not have an easy way to calibrate them, it is necessary to rhythmically squeeze the rolled-up cuff to simulate a pulsating arm, in order to avoid an error signal and automatic deflation of the electronic monitor.


Three steps can be recommended to validate any automatic device for an individual patient:




1. Test the pressure measuring system itself. All electronic pressure systems have unavoidable drift and fatigue. This is tested as described above.


2. Test the rough accuracy of the automatic device’s by performing a palpated SBP as the device inflates and deflates on the patient’s arm. Record the palpated SBP; it should be within 15 mm Hg of the device’s recorded SBP in most patients.


3. If possible, test the accuracy of the SBPs and DBPs recorded by the machine, by doing an auscultatory BP at the same time the device takes the BP, using the display on the device to estimate the SBP and DBP. These should be within 5 mm Hg for both SBP and DBP. Automatic devices that deflate faster than 3 mm Hg/sec are more difficult to validate using the auscultatory method; they may need to be sent back to the manufacturer for calibration.





Figure 4-6 illustrates the errors seen with one device that passed both AAMI and ESH validation protocols. The horizontal axis shows the average reading taken by two observers with a mercury manometer. The vertical axis plots the machine error for each human reading. On the vertical axis the zero-error line is drawn to the left. A machine reading greater that the human reading will fall above this line, and a machine reading lower than the human reading will fall below the “0” error line. The machine errors have a wide scatter: in one person the machine reads 25 mm Hg too high, and in another subject, it reads 25 mm Hg too low. The AAMI protocol averages these, and the device is graded as having “zero error.” The black vertical line at 90 mm Hg DBP (on the x-axis) defines “true hypertension” (DBP ≥90 mm Hg by trained human measurements). This device would produce a large number of both false-positive and false-negative diagnoses of hypertension if used in clinical practice.
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FIGURE 4-6 Bland-Altman plot generated from testing the 85 subjects required for an Advancement of Medical Instrumentation validation protocol. Blood pressure was taken in alternating sequence by two observers using a double stethoscope (four readings) and the device (three readings). The x-axis is the diastolic pressure taken by auscultation, and the y-axis is the difference between the device’s reading and the auscultatory human readings. The horizontal line of zero difference (on the y-axis) between the human and device readings is shown. The vertical black line at diastolic blood pressure ≥90 mm Hg indicates the threshold defining hypertension. There are many subjects for whom this device would have produced both false-positive and false-negative diagnoses of hypertension.











Is This Electronic Device Accurate When Used for an Individual Patient?


Now that the electronic manometer has properly calibrated, the question arises whether the specific electronic device records an accurate BP in a specific patient. Unfortunately, there is no standard method for this. The best guide therefore seems to be to follow the new AAMI or ESH guidelines used in validating automatic devices.26,31 The following is useful if the device deflates at a rate of 2 to 3 mm Hg/second (presuming the reference device provides digital readout during deflation):


(1) Connect the electronic and mercury manometers in parallel with a Y-tube. (2) Cover the digital readout with a piece of paper (to avoid bias). (3) Trigger the automatic device and measure BP in the traditional fashion, watching the mercury manometer and detecting Korotkoff sounds with the stethoscope (see below for more details). (4) Immediately write down the BP reading, then uncover the digital readout and record the electronic device’s reading. If another observer is simultaneously measuring BP, both observers should use a double-headed stethoscope. (5) Take at least three readings, and compare the observed average to that of the electronic device (see Table 4-1 for an example). (6) To test a device using the AAMI protocol, two validated human readers using a double stethoscope are blinded to others’ readings, and 85 subjects must be tested. A total of seven readings are taken, alternating between the human and device reading in each subject. To meet the current criteria for electronic monitors from the AAMI, the average difference in 85 subjects with three readings each (255 readings) must be <5 mm Hg (both SBP and DBP), and the standard deviation of the difference between methods must be ≤8 mm Hg.25




TABLE 4-1 Data from a Test of an Automatic Device in an Individual Patient
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It is important to check that the device inflates to an initial pressure ≥30 mm Hg above SBP; this is done by ascertaining that the device’s initial (peak) pressure is at least 30 mm Hg above that which causes the palpated brachial arterial pulse to disappear. Many devices have a switch that patients use to limit the discomfort associated with very high initial pressures; this leads to inaccurate readings if they often have high SBP readings. If the device has no digital readout, deflates faster than 2 mm Hg/second, takes readings during inflation, or measures BP at the wrist, alternate sequential readings must be taken. The AAMI guidelines recommend seven readings (four human alternating with three device readings).26 An error >5 mm Hg or a standard deviation >8 mm Hg is generally considered unacceptable.


In 2002, an expert panel from the ESH proposed a simpler set of validation criteria that requires only four simultaneous readings, and recommended use of the device if both SBP and DBP readings are within 5 mm Hg of the standard in at least two of the four readings.41 The British Hypertension Society recommends only devices listed on their website that have been validated using the ESH testing protocol. Every 90 days, the dabl Educational Trust (http://www.dableducational.com/) updates their useful website that lists available BP monitors by type and validation status. As noted above, many of the devices on the current site would not be acceptable according to the recently updated guidelines. Devices marketed in the United States should have also passed the AAMI validation protocol.












The Stethoscope


The bell, or low-frequency head, of the stethoscope is designed to more accurately transmit low-frequency (e.g., Korotkoff) sounds and can be placed more precisely over the brachial artery than the diaphragm. Electronic stethoscopes are generally not recommended, because it may be difficult to adjust the amplification so that the person using it hears what a standard observer hears with the bell. The tubing connecting the bell to the earpieces should be thick and 12 to 15 inches (30.5-38.0 cm) in length. For sound transmission, earpieces should be worn tilted in the direction of the ear canal (i.e., toward the nose). There are a number of types of ear tips available and each observer should determine which type works best for sound transmission into that person’s ears. One way to determine this is “the touch test”: lightly touch the patient’s skin next to the bell placed over the brachial artery. If no sound is heard, ensure that the stethoscope head is rotated to select the bell, there is an air-tight seal by the bell over the skin, the stethoscope earpieces face forward, and finally, that the earpieces fit well within the ear canals.









Selection and Application of the Proper Blood Pressure Cuff


Choosing an incorrectly sized BP cuff has been the most common error in BP measurement for more than 20 years.42 In a 1983 study of British hypertensives, 83% of the mistakes of this type were choosing a cuff too small for larger arms.43 These problems can be avoided if the patient’s arm circumference at the mid-biceps (measured at the initial visit, and then yearly) can be matched to the appropriately sized cuff (Table 4-2). Unfortunately, there are no standards for BP cuff sizes, and different manufacturers make different sized bladders, sold by the same name. Furthermore, the cuff range marked on many cuffs often does not agree with the AHA recommendations based on the bladder’s length and width. The newest AHA guidelines have radically changed the cuff size recommendations,3 but large inconsistencies exist across manufacturers regarding bladder size (which seldom corresponds exactly to either the new or older guidelines4) or cuff name.




TABLE 4-2 Recommended Cuff Sizes Based on Arm Circumference and Bladder Dimensions in American Heart Association Guidelines
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All guidelines agree that the width of the cuff bladder should be at least 40% of the arm circumference, and the length of the bladder must encircle at least 80% of the arm. Because of increasing obesity in the population, a cuff with a width that is at least 40% of the arm circumference44 would exceed the distance between the axilla and antecubital fossa in many people.45 Some manufacturers provide markings on the BP cuff that denote the smallest and largest arms for which the cuff has the appropriate size; making such marks on cuffs can be useful (Fig. 4-7). There are two dimensions of the bladder that require proper placement to get an accurate BP reading. The center of the bladder LENGTH must go over the brachial artery, typically just above and medial to the antecubital fossa, just under the medial bicipital groove, and at the level of the heart (or fourth intercostal space). The center of the WIDTH of the bladder should be halfway up the length of the upper arm.





[image: image]

FIGURE 4-7 Schematic diagram for marking the blood pressure cuff to designate the lower limit of arm circumference that should be used (same as the bladder length, marked “S”), and the upper limit of arm circumference that should be used (20% longer than the bladder length, marked “L”).











Preparing for an Accurate Reading


In the United States, seated BP measurements are traditional; in most of Europe, supine measurements are routine. DBP is usually higher (by about 5 mm Hg) when seated than when supine, but the differences in SBP are smaller.46,47 The purpose of preparation (Fig. 4-8) is to inquire about, note, and control factors that can cause BP variability, including pain, recent tobacco use, distended bowel or bladder, food or caffeine ingestion, over-the-counter medications (including cold preparations and nonsteroidal antiinflammatory drugs), or strenuous exercise during the last 30 minutes. The setting should be quiet and relaxed, because talking raises SBP about 10 mm Hg, and listening about half as much. Feet should be relaxed and flat on the floor (if seated), because crossing the legs raises SBP about 5 mm Hg.48 The arm wearing the BP cuff should be supported, usually at the elbow, by an armrest or nearby table (if seated; see Fig. 4-8), by an adjustable-height table, or by the observer (if standing). Measuring BP with the patient seated on the examination table without back support increases the SBP about 5 mm Hg.49 The manometer should be placed so the scale is visible at the observer’s eye level. The observer is more comfortable when seated, supporting both arms, and focusing efforts on fine movements of the fingers, while coordinating vision, hearing, and bulb deflation.
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FIGURE 4-8 Standardized positioning of the observer, the manometer, the cuff, and the patient for a seated blood pressure measurement. Important features of the positioning include the subject being comfortably seated with his back against the chair, feet flat on the floor, arm bent at the elbow, but supported by the table, with the cuff positioned at the level of the heart (fourth intercostal space) and centered at the midpoint of the humerus. The observer is comfortably seated, with the manometer at eye level, silent, and not touching the cuff with the bell of the stethoscope (the last detail is difficult to appreciate, given the resolution of this figure).








Where Should the Patient’s Forearm Be Reading Positioned to Get the Most Accurate?


The center of the bladder width on the patient’s arm should be at “heart level” (fourth intercostal space). Each inch above this level decreases BP by ≥2 mm Hg, and vice versa50; the effect is larger in hypertensives (23/10 mm Hg, seated) than in normotensives (8/7 mm Hg). Arm position is especially important when standing, because BP increased by 13/8 mm Hg if the arm was allowed to dangle at the side, rather than being supported at the elbow.50


When supine BP is measured, a small pillow is often needed to support the elbow and upper arm in barrel-chested or obese patients. The arm would otherwise be 5 to 8 cm below the right atrium, falsely increasing BP.












Measuring the Blood Pressure


After a brief explanation of the need for silence, apply the appropriately sized BP cuff; adjust posture, arm, and foot support; and then leave the patient alone (and silent) for 5 minutes. Then take multiple readings (typically three) in short sequence, typically 60 seconds between readings. If the last two readings differ by ≥5 mm Hg (SBP or DBP), another reading is usually obtained until the difference is below this threshold. If the patient is wearing a long-sleeved or tight garment around the arm, provide a gown or remove the arm from the sleeve, and suggest wearing a loose, short-sleeved top at future visits, because gowning involves muscular work of the arms and increases BP.






Which Arm Should Be Used?


At the first visit, BP should be recorded in both arms. This is the only way to avoid missing a significant difference between the two arms (up to 100 mm Hg), which changes the differential diagnosis. After the first visit, the arm with the higher BP is traditionally used. The most common cause of a between-arm difference in older people is a hemodynamically significant atherosclerotic stenosis of the left subclavian artery. Such a stenosis is 10 times more likely on the left than the right side. Although most coarctations of the aorta result in lower BPs in the lower extremities, those that result in BP differences between the arms also result in lower BP in the left arm. In the screening situation in which BP is to be measured in only one arm, unless the subject knows that one arm is higher, the right arm is traditionally chosen. This recommendation was recently validated in 854 normotensive and 2395 hypertensive subjects, because the right arm BP was significantly higher (by 3/5 mm Hg) than the left in all six sequential BP measurements.51









How High Should the Cuff Be Inflated to Avoid Missing an Auscultatory Gap?


An auscultatory gap is the name given to a situation when Korotkoff sounds temporary disappear between phases 1 and 4, only to reappear at a lower BP. Depending on where one begins or ceases to listen during this gap can cause overreading of the DBP or underreading of the SBP. It is more common in older people with wide pulse pressures and target organ damage.52 To avoid missing this gap, inflate the BP cuff to the maximum inflation level (MIL; 30 mm Hg higher than the palpated SBP, determined by obliteration—during inflation—and then reappearance—during deflation—of the palpable radial pulse).









Where Do I Listen to Hear the Best Blood Pressure Sounds?


Korotkoff sounds are louder when the bell is placed directly over the brachial artery, which can be palpated just medial to and usually under the biceps tendon in the antecubital fossa. Extending the forearm with the palm up will make it easier to detect Korotkoff sounds. If the seal between the bell and skin is incomplete, Korotkoff sounds will be softer. Using too much pressure on the head of the stethoscope may falsely increase SBP and decrease DBP. In the rare situation in which neither brachial pulse is palpable, the cuff may be placed on the forearm and the radial artery auscultated at the wrist, although this overestimates SBP.53









What Are the Steps for Properly Taking and Recording the Pressure?


To take the reading, (1) inflate the cuff quickly to the MIL; (2) immediately begin to deflate at 2 mm Hg/sec; (3) determine the SBP at the point where the first of at least two regular or repetitive Korotkoff phase 1 sounds are heard; (4) repeat this number silently at each auscultated sound until Korotkoff phase 5 (i.e., the last audible sound) is detected; this is the DBP, so write down the reading immediately; (5) if Korotkoff sounds are heard to zero, repeat the reading and note the phase 4 Korotkoff (at phase 4 the tapping [Korotkoff] sounds become lower in pitch and muffling occurs; muffling is the point at which the sounds become soft and blowing) and record all three sounds (e.g., 142/66/0 mm Hg); (6) record the arm, position, cuff size used, and the SBP and DBP. Repeat the process two more times. Many experts recommend discarding the first readings and averaging the last two, because this has been the protocol followed for many epidemiologic and intervention studies. The National Committee on Quality Assurance currently accepts the lowest SBP and DBP measurement in any position (and not from the same reading) as the “BP for that visit,” which is why most managed care organizations require every reading to be charted.54









How Can the Korotkoff Sounds Be Made Louder?


One or both of two methods can be chosen. The first uses exercise to increase postischemic blood flow. To perform this maneuver, inflate the cuff to the MIL and ask the patient to vigorously open and close the fist 10 times. Then the hand is relaxed and BP measured in the standard fashion. The second technique drains venous blood from the arm by holding the arm straight up over the head for 30 to 60 seconds, and then the cuff is inflated to 30 mm Hg above the MIL, the arm is lowered, and Korotkoff sounds are increased.55 Dysrhythmias make BP measurement difficult and less precise, as is widely recognized for many automated devices. The average of several BP readings obtained at one sitting are recommended for routine clinical care, because of the beat-to-beat variability of cardiac output in atrial fibrillation and other cardiac dysrhythmias. In extreme cases, it may be necessary to do an intraarterial BP measurement, particularly if the patient has a positive “Osler maneuver” (see Chapter 12).












Standardized Monitoring for Accuracy, Reproducibility, and Observer Bias


The assessment of observer accuracy of BP measurement can be done with a standardized video test and/or a stethoscope with two or more sets of earpieces. Both methods can be recommended, because Korotkoff sounds in real people are frequently more difficult to interpret than carefully selected recorded sounds. Figure 4-9 shows the test form used to evaluate observer accuracy under two circumstances. In one, observers record 12 BPs, based on video clips (a falling mercury column, an aneroid manometer with falling needle, or the Greenlight with lights replacing the needle) and an audio track with corresponding Korotkoff sounds. The correct answers are then provided and the differences calculated. This same form can be used with a double stethoscope, in which the instructor/supervisor listens to live Korotkoff sounds simultaneously with the observer to be tested; the results are graded in the same fashion. The form can also be used to assess terminal digit preference over 12 random BPs taken by an observer in different patients. Ideally, the terminal digits (0, 2, 4, 6, or 8) should be evenly distributed among the 24 (SBP/DBP) entries.
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FIGURE 4-9 Form for testing accuracy, reproducibility, direction bias, and terminal digit bias of 12 blood pressure measurements shown on the authors’ standardized videos.


(From Grim CM, Grim CE. A curriculum for the training and certification of blood pressure measurement for health care providers. Can J Cardiol. 1995,11 [Suppl. H]:38H-42H.)





All staff who measure BP should, on at least an annual basis, be (1) observed while taking seated/standing BPs, and have their technique critiqued and corrected, if needed; (2) tested with a double stethoscope for the ability to hear, interpret, and record BPs accurately; and (3) assessed with a standardized video test for accuracy, reliability, terminal digit bias, and direction bias. Those who make these errors should be counseled and retested every month until there is no bias. Individuals who cannot be certified as accurate and reliable after several training sessions should be directed to other duties and not be permitted to measure BPs.









Inspect Equipment for Quality Assurance


In every health care setting, at least one staff member should undergo training and assume responsibility for performing regular calibration and quality control regarding BP, so that all patients’ BPs are measured accurately and reliably. This process involves several steps:




1. Test the mercury manometer. At least once a year, the responsible staff member should inspect each BP-measuring device, document the results, and initiate maintenance if needed.


2. Test all aneroid/electronic manometers. Each should be calibrated against a mercury manometer, using a Y-tube (see Fig. 4-5). At least twice a year, the responsible staff member should inspect each BP-measuring device, document the results, and initiate maintenance if needed.


3. Test all stethoscopes and cuffs. Each stethoscope and BP cuff should be checked periodically for wear, damage, and leaks.












Assess Knowledge about Blood Pressure Measurement


All staff involved in BP measurement should be retrained and retested on hiring, and every 6 months thereafter, so that BP measurement can be standardized. A series of questions is often useful in quickly determining which staff members should undergo more frequent retraining about BP measurement. Each question is followed by its indicated answer.




1a. Which part of the stethoscope is better for hearing low-pitched Korotkoff sounds? The bell.


1b. How does one demonstrate that a person’s hearing is good enough to accurately identify Korotkoff sounds? Double stethoscope and video BP testing.


1c. How can the accuracy of a BP-measurement device in daily use be demonstrated? Calibrate it against a mercury column.


1d. What is the effect of having patients sit on the examination table when their BP is measured? Increases both SBPs and DBPs.


2. In people with a reproducible BP difference across arms, which arm should be used for BP measurements? The one with the higher reading.


3. How is the correct size of BP cuff selected for patients? Measure the midarm circumference and match it to the appropriately sized cuff for that patient at that visit.


4. When placing the BP cuff on an arm, where does one place the center of the length of the bladder? On the medial aspect of the arm, centered over the palpated brachial artery.


5. When the patient is seated in a straight-backed chair or stands for a BP measurement, how should the arm be placed, to avoid erroneous measurements resulting from hydrostatic pressure? The center of the cuff should be at heart level (fourth intercostal space) and the flexed forearm supported.


6. Where should the bell of the stethoscope be placed to get the best Korotkoff sounds? Over the palpated brachial artery, usually over the medial aspect of the antecubital fossa.


7. How high should the pressure be inflated, before starting to listen for Korotkoff sounds? 30 mm Hg above the palpated SBP.


8. How fast (in mm Hg/sec) should the manometer be deflated? 2 to 3 mm Hg/sec.


9. Which Korotkoff sound defines the SBP reading? Phase 1.


10. Which Korotkoff sound defines the DBP reading? Phase 5.


11. A 75-year-old patient with chronic kidney disease has left ventricular hypertrophy (LVH) by electrocardiogram (ECG), chest radiograph, and echocardiogram. A radial and brachial pulse can be palpated, and no Korotkoff sounds can be heard. Inflating the BP cuff to 300 mm Hg reduces the pulsation at the wrist, but the radial artery can still be palpated. What is the problem? Calcified brachial artery (Mönckeburg sclerosis).


12. An 84-year-old man with angina and claudication has a blood pressure of 122/74 mm Hg in the right arm, and 86/50 mm Hg in the left, but has striking LVH on ECG and echocardiogram and Grade II hypertensive retinopathy. At cardiac catheterization, the aortic BP is 240/140 mm Hg. What is the most likely diagnosis? Bilateral stenosis between the aorta and brachial arteries.


13. What are the likely problems with each of the recorded BP readings in Table 4-3? Answers are provided in the right column of Table 4-3.


14. What is the recommended frequency for demonstration of knowledge, skills, and technique for quality improvement of BP accuracy? AHA recommends every 6 months.





TABLE 4-3 Diagnosing Blood Pressure Measurement Errors: What Is the Problem with These Readings?


 

	READING(S) RECORDED

	PROBLEMS WITH THIS READING






	122/74

	Only one reading. AHA, JNC 7, and NCQA guidelines recommend recording 2-3 individual BP readings at each visit.






	170/75, 165/75, 160/65

	These BP readings end in an odd number (5). AHA guidelines recommend that BP should be rounded to the nearest 2 mm Hg.






	140/80, 150/90, 140/80

	Terminal digit bias for 0. Likely deflating too fast, or rounding to the nearest 10 mm Hg instead of the nearest 2 mm Hg.






	146/84, 146/84, 146/84

	Failure to take a second and third BP, and instead just re-recording the first reading for the last two.






	188/166, 180/164, 182/162

	Failure to recognize an auscultatory gap, leading to a falsely high diastolic pressure.







AHA, American Heart Association; BP, blood pressure; JNC 7, Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure; NCQA, National Committee for Quality Assurance.









Assess Performance Regarding Blood Pressure Measurements


Electronic medical records provide data for analysis to assess and improve quality. The simplest clue is “terminal digit preference.” A simple chi-square test can assess whether one terminal digit (typically “0” or “8”) is recorded significantly more commonly than the 20% expected by chance. If serial readings are taken at the same visit by different staff members, interobserver variation can be assessed (as in the British Regional Heart Study),38 and the person who should benefit from retraining can be identified.


Incorrect or uncertain answers to any two of these questions, or troublesome performance measures, should motivate health care professionals to update the rationale and techniques required to obtain an accurate BP measurement, which, since Nikolai Korotkoff invented indirect BP measurement, has been one of the simplest and most cost-effective medical procedures that can be done to predict CV event-free longevity and improve prognosis.2-424
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